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FOREWORD 


This  report  vas  Initiated  by  the  Flight  Aceessorles  Laboratory, 
Aeronautical  Systeaa  Division,  Wtight-Patterson  Air  Force  Base, 
Ohio.  l%e  research  and  developsent  work  upon  vhich  this  report 
is  based  vas  accaiig>lished  by  the  New  Product  Research  Depart- 
aent,  Tapco  Division,  Thoopson  Raao  Wooldridge  Inc.,  and  its 
subcontractor,  the  ^ermo  Electron  Engineering  Corporation, 
Cambridge,  Massachusetts, under  Air  Force  Contract  AF  33(6lo)-7^11/ 
Item  No.  VII,  Project  No.  8173,  Task  817305-^,  "Design  Study  for 
Advanced  Solar  Thermionic  Power  Systems."  The  report  covers  all 
work  performed  during  the  period  from  June,  i960  to  August  I962. 

Captain  Eugene  F.  Redden  and  Mr.  A.  E.  Wallis  monitored  the 
project  fcr  the  Flight  Accessories  Laboratory  of  the  Aerooautieal 
Systems  Division. 

The  Ihicopsan  Raaa)  Wooldridge  Ine.  engineering  report  number  Is 

BR-3038. 
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ABSSUCT 


IMs  report  contains  a  state-of-the-art  survey  of  all  eonqponents 
required  for  advanced  solar  themlonlc  power  systems  in  the  1-10  KW 
range  suitable  for  application  in  aerospace  vehicles.  The  results 
of  the  survey  and  development  program  were  used  in  a  coaqtrehensive 
parametric  study  to  determine  design  criteria  applicable  to  these 
systems.  Ihe  development  program  included  evaluation  of  thermionic 
converters  of  the  vacuum  and  vapor  type.  The  details  of  the  design, 
fabrication,  performemce  tests,  and  evaluation  of  the  thermionic 
converters  and  generators  biillt  during  the  program  are  presented. 

Ihe  lflq;>ortanee  of  the  proper  selection  of  solar  receiver  configu¬ 
ration,  as  veil  as  the  requirement  for  high  precision  solar 
concentrators,  is  treated  extensively.  Consideration  is  also 
given  to  the  requirements  of  the  orientation  subsystem,  energy 
storage  subsystem  and  the  many  control  requirements  necessary  to 
adequately  orient  the  solar  concentrator  arrays,  store  energy 
for  the  shade  portion  of  the  orbital  cycle  and  properly  condition 
the  electrical  power  required  by  the  vehicle  load. 

The  Appendix  presents  a  detailed  design,  performance,  and  test 
specification  for  a  l.$  KV,  26  volts  solar  thermionic  power  system. 
This  design  is  based  on  all  the  knowledge  acoaulated  in  this  program. 


FUBUCATIGR  RmiV 


The  publication  of  this  report  does  not  constitute  approval  by  the 
Air  Force  of  the  findings  or  coneltisions  contained  herein.  It  is 
published  for  the  ezebsoge  and  stimulation  of  ideas. 
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1.0  INTRODUCTION 


The  primary  objective  of  the  Air  Force  program  described  In  this  report  was 
to  establish  design  criteria  for  advanced  solar  thermionic  power  systems  In 
the  l-IO  KV  range  suitable  for  application  In  aerospace  vehicles. 

The  program  to  accomplish  this  objective  Included  a  state-of-tbe-surt  survey 
of  all  system  conqponents  as  well  as  a  ccaprehenslve  research,  design,  develop¬ 
ment,  test  and  evaluation  program  directed  toward  advancing  the  art  for 
thexnlonlc  converter  and  generators. 

The  major  system  component  study  was  carried  out  by  the  TAFCO  Division  of 
Thotqpson  Ramo  Wooldridge  Inc.  and  Included  thermionic  generators,  solar  con¬ 
centrators,  orientation  subsystems,  energy  storage  subsystems  and  control 
subsystems.  ISie  research,  design,  develqpment,  fSbrlcation  and  electrical 
characteristic  studies  of  thennionlc  converters  were  performed  by  the  ibemo 
Electron  Engineering  Corporation  under  a  subcontracc.  Ibe  thermionic  generator 
performance  teats  and  evaluations  were  conducted  by  Thompson  Ramo  Wboldrldge. 

Results  of  these  study  and  development  efforts  were  then  used  to  establish  the 
governing  factors,  design  limitations  and  feasibility  of  solar  thermionic 
power  systeam  over  the  power  range  of  interest. 

The  design  of  a  solar  thermionic  power  system  with  a  continuous  power  output 
rating  of  19X)  watts  at  28  volts  was  completed.  A  detailed  performance  and 
test  specification  for  this  1.5  KW  qrstem  was  also  established.  Tbls  deslfpi 
Is  based  on  the  state-of-the-art  of  eo^>onents  as  established  during  the 
program. 


Nsnoserlpt  rslsaaed  by  tbs  aathoons  (Angoat  3962)  fbr  tm  m 
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2.0  SUMMARY 


At  the  tlaie  work  on  this  progrui  vas  hegun.  It  was  generally  believed  that 
both  the  close  spaced  vacuum  and  cesium  vapor  type  thermionic  converters  held 
great  promise  for  application  In  solar  thermionic  paver  systems.  A  comparative 
evaluation  of  both  types  based  on  Intensive  research  and  develcpnent  efforts 
during  early  phases  of  the  program  showed  a  marked  svqperlorlty  In  the  cesium 
type  converters.  Efforts  to  develop  the  cesium  converter  had  resulted  In  the 
attainment  of  nearly  500  hours  of  0P«nitlon  at  watt  densities  of  over  10  watts/cm 
with  csileulated  efficiencies  of  over  15^  In  experimental  models.  The  vacuum 
close  sx>aeed  units  had  been  made  to  operate  for  only  20  hours  at  power  densities 
of  O.U  watts/cm  at  calculated  efficiencies  of  U.0)(.  This  narked  difference  In 
performance,  coupled  vlth  several  still-unsolved  structural  problems  associated 
with  the  close  spaced  converters,  resulted  In  a  recomaendatlon  to  discontinue 
work  on  vacuum  type  eonvertera.  It  was  siibsequently  decided  that  two  promising 
cesium  vapor  type  thermionic  generators  would  be  evaluated  during  the  reminder 
of  the  program. 

The  first  generator  utilised  two  cylindrical  geoswtry  converters  conneeted  In 
series.  Each  converter  was  designed  to  produce  200  watts  at  1  volt  with  15)( 
overall  efficiency  as  the  design  objective.  Converter  #1  produced  l60  watts 
at  approKlmtely  .8  volts  with  a  10.6^  efficiency.  Converter  #2  produced 
200  watts  at  .6  voltn  with  a  13«8)(  overall  efficiency.  Both  converters  were 
successfully  operated  In  series  with  a  eoaifclned  output  of  310  watts  at  1.5  volts 
and  an  oversdl  efficiency  of  as  determined  by  the  ratio  of  total  electrical 

output  to  total  electrical  power  Input. 

The  second  generator  configuration  la  called  the  cubical  cavity  generator  because 
of  the  arrangement  of  five  flat  emitter  faces  to  form  a  cubical  cavity  abaorher. 
The  sixth  face  of  the  cube  served  to  admit  flux  from  a  solar  concentrator. 

TWO  generators  of  this  configuration  were  designed,  but  only  the  second  design 
rated  at  125  watts  was  completed  and  performanee  tested.  This  generator  wu 
tested  In  the  laboratory  for  over  J2  hours  and  produced  122  watts  at  3*7  uolts 
with  a  7*^  overall  efficiency.  An  evaluation  of  the  perforasnee  of  eadi 
generator  configuration  Is  treated  In  the  body  of  this  report. 

Ih  addition  to  the  developamnt  and  evaluation  program  carried  out  on  the 
thermionic  generators,  the  state-of-the-art  In  all  other  major  component  areas 
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was  st^bjeet  to  close  exsadnatlcn.  Conpocents  such  eus  solar  concentrators, 
orientation  svOssTstems,  energy  storage  systems,  electrical  controls  and 
strttctuxml  concepts  were  all  earefoUy  studied  to  determine  what  hardware  and 
configurations  might  he  applicable  to  a  prototype  thermionic  power  system  at 
this  tlJM. 

Because  of  the  toqperatures  associated  with  the  efficient  operation  of  thermionic 
generators, only  precision,  rigid  type  solar  concentrators  In  conjunction  with 
highly  efficient  cavity  type  solar  receivers  are  suitable  for  solar  thermionic 
power  qrstems.  Solar  concentrator  requirements  and  fabrication  techniques 
perfected  at  this  time  Indicate  that  only  nickel  electroformed  concentrators 
are  acceptable  for  a  systems  application.  The  state-of^the*«rt  as  It  exists 
today  limits  the  size  of  such  concentrators  to  5  feet  In  diameter  ,wlth 
reflectivities  on  the  order  of  89^  being  tile  best  attainable.  Development 
In  the  area  of  lli^rtwelght  precision  alualnun  concentrators  has  shown  much 
promise  and  may  eventually  replace  the  nickel  concentrators  at  half  the  wel^t 
penalty,  but  to  date  such  concentrators  have  not  net  the  optical  requireaents 
for  thezmlonlo  systems. 

It  was  immediately  recognized  that  one  at  the  major  control  areas  associated 
with  a  thermionic  power  system  Is  that  of  sun  acquisition  and  tracking.  For 
the  studies  conducted  In  this  program.  It  was  assuaed  that  Inertial  or  course 
pulse  Jet  control  would  be  used  to  soi-orlent  the  vdilele  within  -  5  degrees 
to  help  minimize  fuel  reqjulremants  and  control  complexity.  Subsequent  evalu¬ 
ation  of  generator  and  concentrator  performance  indicated  an  orientation  of 
-  6  minutes  or  better  was  actually  required  for  the  thezmlonlc  system.  Also, 
because  such  a  qrutem  was  to  be  made  of  many  module  assemblies  with  attendant 
aligimwit  problems  because  of  the  many  hinge  Joints  and  structural  msmbars 
Involved,  soma  method  of  providing  a  fine  orientation  oontrol  for  each  module 
Is  required.  A  relatively  sl^^  meehanlfli  oalled  a  heliotrople  mowt  was 
evaluated  to  determine  Its  ability  to  fulfill  this  need. 

The  heliotrople  moiiit,wlii<di  consists  of  a  series  of  blmetallle  sensor-actuator 
elementSfdeteets  the  Inproper  location  of  the  oonoentrator  focal  spot  on  the 
generator  face  due  to  uasven  heating  of  the  bimetal  sensors.  Oils  mseven 
heating  results  In  a  oorreotlve  foroe  In  the  bimetal  elements  whldi  repositions 
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the  eoaeentrator  to  restore  proper  ellgnaent.  The  feaslblli^  of  the  hello> 
tropic  orientation  Beehaalsa  has  been  deaonstrated  by  Thosq^son  Raao  HOoldridfe 
under  a  corporate^sponsored  prograa.  The  further  deaoastration  of  its  praetieal 
application  vlth  a  theralonlo  ■od\ile  reaains  to  be  aceaqpUshed. 

Studies  of  the  various  techniques  for  energy  storage^  such  as  Inertial,  therml 
ani  electro-chemical^  indicate  that  only  the  latter  is  presently  suitable  for 
hlgh«<teq)erature  themionle  system  applications.  While  work  is  being  carried 
on  to  perfect  the  use  of  several  thermal  storage  materials,  these  sure  far  from 
achieving  state-of-the-art  recognition.  Among  the  many  electro-chemical 
storage  systemsjonly  two  seem  praetieal  for  a  longterm  orbital  application, 
ntese  two  are  nickel-cadmium  and  silver>eadmlum  storage  batteries.  The  silver^ 
cadmium  batteries,  however,  enjoy  a  considerable  vei|0it»to>power  advantage 
over  nlekeL*eadmiua  and  require  far  less  limiting  of  the  depth  of  discharge  to 
obtain  high  cycle  life. 

Other  areas, such  as  structures  and  deplognaent  concepts,  electrical  systems 
controls,  thermal  controls,  and  orientation  and  start-19  controls,  are  covered 
in  detail  in  body  of  this  and  other  reports.  The  state -of -the -^rt  in  these  areas 
appears  to  be  sufficiently  advanced  to  meet  the  reqpirements  of  the  thermionic 
power  system. 

The  results  of  all  studies  euid  developments  were  incorporated  in  a  parametric 
design  study  and  temperad  with  praetieal  considerations  and  limitation  in  present 
day  state-of-theHurt  hardware.  As  a  result  of  all  knowledge  gained  in  the  program, 
it  has  been  established  that  the  praetieal  ranges  for  solar  thermionic  systems 
for  orbital  applications  would  seem  to  be  for  power  ranges  of  from  200  emtts  to 
3000  watts.  This  limitation  is  dictated  by  praetieal  structural  considerations. 

The  Appendix  of  this  report  presents  a  detailed  design,  perfomanee  and  test 
specification  for  a  I.3  XW,  20  volt  continuous  power  system.  The  design  presented 
has  a  specific  wei^t  of  hliO  Ib/KW.  As  themionle  converter  and  generator  effi¬ 
ciencies  increase  and  solar  concentrator  weight  dseroases,aaxhad  ii^rovemants 
in  specific  wei^t  can  be  expected. 


k 


I 


3*0  SOLAR  THBRMI(»(IC  SYSTEM  COMPOHENTS 
3«1  Tharalonic  a«o»r»tow 

Work  on  tha  hardware  portion  of  the  program  waa  Initiated  duzlng  June  of  i960 
with  the  objective  of  eatabllahlng  dealgn  criteria  for  future  eolar  thermionic 
power  eyetemi.  !Rie  program  Included  deelgn  atudles,  theoretical  and  experi¬ 
mental  atudlea  of  electrical  characterletlcs;  and  prototype  dealgn,  developamnt, 
fabrication  and  test.  This  wott  was  to  be  performed  concurrently  for  both  the 
vacuum  and  vapor  types  of  thanelonlc  converters  and  was  to  be  followed  by  an 
evaluation  of  the  relative  merlte  of  each.  The  design  goals  for  the  proto'^rpe 
vacuum  generator  were  250  watts  output  at  28  volts,  and  an  overall  10^  efficiency. 
The  vapor  type  generator  had  design  goals  of  250  watts  output  at  28  volte,  with 
a  15^  efficiency.  Other  design  objectives  were  the  aehieveaeat  of  100  thermal 
cyelea  and  100  hours  of  full-load  operation.  Theoretical  and  w^rlmental 
studies  of  the  electrical  characteristics  of  both  types  of  converters  were 
performed.  A  15  watt  vapor  converter  was  operated  for  500  hours  and  achieved 
power  densities  of  up  to  6  watts/om^.  The  vacuum  converter  test  units  did  not 
fare  as  well.  Based  upon  tha  proto^rpe  design,  a  test  modnle  of  2.5  watts  output, 
which  could  be  mass-produced  and  assembled  Into  a  generator,  had  been  planned. 

The  test  converters  idilch  were  built  fell  well  short  of  this  objective. 

The  prototype  design  for  the  vapor  generator  reqjulred  two  cylindrical  converters, 
each  producing  200  watts.  These  converters  were  to  be  series  connected,  and  the 
ou^t  was  to  be  delivered  to  a  DC-DC  converter  cspable  of  stepping  19  the 
voltage  to  aB  volts. 

under  test,one  converter  produced  approodmately  200  watts  at  an  efficiency  of 
13.6)(,  while  the  other  produced  160  watts  at  an  efflcleney  of  10.6)(.  These 
efficiencies  were  based  mi  measured  values  of  power  output  and  power  input. 

imiowlng  the  dlfflcultlee  eneomtered  la  aehlevlag  the  rsfolrsd  power  ou^ut 
from  the  vaeuuB  modules,  development  work  was  continued  until  Much  1961.  At 
this  point,  an  evaluatloa  was  conducted  and  a  reroMendatlon  made  that  work  on 
the  vaeuuB  type  generator  be  dlseonkiaBed.  Two  najor  factors  iaflusnead  this 
deelalon.  Tlrat,  the  perfnmanne  of  the  vacuum  eomvartar  had  mot  livad  19  to 
pravloue  expectationa  of  perfomamea,  and  the  fabrioatton  of  a  modalar  unit  to 
be  used  In  anseahliag  a  250  watt  peanator  was  comaidasahly  mors  eo^pUeated 
than  had  baaa  enpaetad.  Therefora,  it  waa  oomclmded  that  a  vaenun  type 
gwarator  would  ba  so  eo^ioatid  amd  aaqpaaaiva  aa  to  ba  lapnaatleal.  Jm 
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■ddltlon,  progrMt  la  tht  rmgor  eoavartar  aarta  bad  baan  vazy  rapid  aad  It  bad 
baeoaa  obrlooa  that  a  ptaarator  ualag  tba  vapor  prlaelpla  aofuld  ba  graatly 
auparlor  to  one  usiag  the  vaeuaa  eppzoadi. 

It  aaa  also  raeonaaded  that  tba  vaeuua  approach  ba  dropped  la  favor  of 
devaloplag  a  cubical  eavl’^  caalua  peDarator.  Ibla  racaindation  aaa  accaptad 
aad  devalopaaat  of  aueb  a  panarator  vaa  laltlatad.  Iba  prototype  paaarator  vaa 
coiVlatad  la  )My  19^  •  It  conalatad  of  five  caalua  filled  coavartaro  conaeetad 
la  sariea  aad  aouatad  oa  a  cavl^  block.  Hm  aalttara  vara  heated  by  a  tvo- 
atapa  alactroa  bobbardaaat  haatar.  Ihla  paaarator  vaa  daelpned  ao  that  It 
could  alao  ba  aolar  teatad  auhaeviaat  to  laboratory  teatlag.  laltlal  electrical 
taata  have  abova  ao  output  of  90  vatta  at  5  volta,  aad  122  vatta  at  3>7  volta.  la 
tba  courae  of  llrdtad  aolar  taatlap  with  a  $  foot  coaoaatrator,  tba  paaarator  vaa 
able  to  produea  aaarly  20  aatta  vltb  a  aolar  ecaataat  of  oaly  75  vatta  par  aqaara 
foot. 

Paaarator  Coaeapta 

Place  tba  objactlva  of  tba  aatira  propraa  vaa  to  aatabllab  daalpa  erltarla  for 
fbtura  aolar  tharaloale  povar  ayataaa,  tba  daalpa  poala  for  tbm  prototypa  ualta 
vara  eboaeo  vltb  refaraaee  to  the  raqulraaeata  of  a  aolar  povarad  eoavaralon 
ayataa  for  aatalllta  oparatloa.  niua,  aa  output  voltapr  of  pB  volta  vaa  cboaaa. 
Tbla  la  the  aoraal  voltapa  raqulrad  for  aaroopaee  auxiliary  povar  davloao.  Iba 
paaarator  vaa  daalpaad  for  uaa  vltb  a  aolar  eoacaatrator.  Iba  beat  rajeetloa 
ayataa  vaa  to  ba  exelualvaly  dapaadaat  upoa  radlatloa;  tba  ayataa  vaa  raqulrad 
to  oparata  only  In  vacuna,  aad  a  daalpn  erltarla  vaa  to  ba  atnl—  valpbt  par 
unit  of  povar  ou^utj  alnee  any  aatalllta  vonld  ba  aqpaetad  to  paaa  la  aad  out 
of  the  aarth'a  abadov,  ayataa  vazanp  vltb  a  aintaw  aiaAar  of  awlllary  opara- 
tiona,  and  tba  abUliy  to  vltbataad  tharaal  eyellnp  vara  alao  plvaa  eoaeldaratioa. 
9ia  povar  level  of  290  vatta  aad  tba  afflelaney  objaetlvaa  of  10)(  for  vaBi— 
panaratora  aad  151(  for  vapor  flllad  paaoratora  vara  tboupbt  to  ba  raaaoaabla 
valuaa  vbleb  could  bo  ai^aetad  by  tba  aad  of  tba  propraa. 

vaeuoa  ^Brpa  Panaratora 

At  tba  tlaa  that  tba  propraa  vaa  laltlatad,  tba  vaouua  eoovartar  typa  of 
pMwrator  oppaarad  to  proalaa  aora  rapid  davalofaeat  tovard  tba  pool  of  praetlaol 
bardvara.  Anoap  tba  axpactad  aAvaatapw  vara;  ralatlvaly  alipla  atruetura,  ao 
oorroaloa  problaa,  rapid  atartap  daa  to  look  of  dapaadanna  apoa  tedapiap  a  pae* 
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filled  envelope  to  tenpereture,  attraetlvenese  of  elaple  aoduler  construction, 
ease  of  replacement  of  defective  modules,  the  possibility  of  low-cost  mass 
production,  and  lower  emitter  temperature  than  cesium  converters. 

The  major  obstacles  in  the  development  of  the  vacuum  close  spaced  converter 
were:  (l)  the  choice  of  a  suitable  emitter  material,  (2)  the  attainment 
of  close  interelectrode  space  (  ~  to  reduce  the  effect  of  space  charge, 

and  (3)  the  achievement  of  a  collector  work  function  of  1.6  volts  or  less  to 
ensure  reasonable  output  powers,  efficiencies,  and  converter  life. 

Ihe  evaluation  of  emitter  materials  showed  the  impregnated  tungsten  emitter  to 
be  the  most  logical  one  for  use  in  close>spaeed  converters;  further,  the  shin 
spacer  assembly  technique  was  proven  successful;  howsver  the  fundsmental  problem 
of  achieving  a  low  work  function  eoUsctor  with  long  life  remains  to  be  solved. 
Another  major  problem  requiring  solution  is  the  satlsfSetory  development  of 
techniques  for  producing  rmewm  diodes  reliably  and  easily  in  the  quantities 
required  for  the  ass^bly  of  hi^power  devices.  ISm  state-of-the-art  in 
vacuum  converters  is  summsrised  in  lUble  3.1. 

tihlle  efforts  in  the  developmsnt  of  the  eesl\ai  vapor  thermionic  converters 
had  resulted  in  converters  that  operated  for  over  ^  hours  at  power  densities 
in  excess  of  10  watts  per  square  centimeter  with  adjusted  efficiencies  of  over 
13^,  vacuum  close-spaced  converters  bad  operated  for  only  20  hours  at  power 
densities  of  O.U  watts  per  square  centimster  and  adjusted  efficiencies  of  4.0)(. 

It  was  therefore  rsco—ndsd  that  the  program  be  redirected  to  exclude  further 
woxii  on  vacuum  close-epaoed  converters  for  solar  themiooie  application  and  to 
direct  all  efforts  toward  increasing  the  perfomanee  and  life  of  the  vapor 
converter. 

Cesium  larps  Generator  with  Cylindrical  Oeomstiy 

Developmant  of  a  cesium  filled  thensioaie  converter  was  at  a  much  earlier  stags 
than  the  vacuum  development  at  the  tlam  the  program  was  initiated.  Such 
problems  as  cesium  corrosion,  oeramio-to-mstal  seals,  cesium  reservoir  control 
and  structural  eoaglieations  had  yet  to  be  solved.  However,  the  potential  for 
aehieving  hi^r  power  density  with  respect  to  both  volmss  and  weitfit  and  a 
hi#»r  conversion  effieieney  indicated  that  ths  problems  were  worth  atteeking* 
Iherefore,  it  was  dscidsd  that  one  phase  of  the  program  shoald  be  en  attsigt 
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I  nil 
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to  dovolop  a  gsnarator  baaed  \qpon  a  hl|^po«ered  eyllndrloal  vapoxwfiUed 
converter. 


Cubical  Cavity  Generator 

When  It  becane  apparent  tbat  a  vacuum  generator  vaa  lopractlcal,  the  cubical 
cavity  generator  vaa  aubatltuted.  Such  a  generator  la  at  a  dlaadvantage  wtaen 
coapared  to  the  cylindrical  configuration  aince  It  la  made  up  of  five  aeparate 
convertera  vtalch  auat  be  mounted  In  a  aupportlng  block  vlth  the  thermionic 
converter  enlttera  forming  a  cavity  abaorber.  Since  there  are  flux  leakage 
patha  In  the  cavity  betueen  the  enlttera  acme  heat  flova  through  the  cavity 
without  any  portion  being  converted  to  electrical  output.  In  addition,  the 
configuration  of  a  converter  for  mounting  In  a  cubical  cavity  la  auch  that  the 
converter  Itaelf  haa  greater  heat  loaaea  than  a  converter  of  cylindrical 
configuration. 

The  cubical  cavity,  however,  baa  one  very  aignlflcant  advantage  which  may, 
under  certain  clrcuaataneea,  allow  It  to  exhibit  auperlor  charaeterlatica  to 
tboae  of  the  cylindrical  converter.  Each  of  the  five  convertera  mounted  on  the 
cavity  block  la  capable  of  producing  approximately  the  aame  value  of  1  volt  at 
Ita  termlnala  aa  the  cylindrical  converter.  Since  the  five  convertera  of  the 
cavity  are  connected  in  aerlea,  the  generator  will  deliver  ita  power  at  $  volte. 

3.1.1  !Ibeoretlcal  Study  of  Cealum  Vapor  Thermionic  Convertere 
Cealun  convertera  are  capable  of  varioua  modea  of  operation.  Althou^  It  la  not 
poaalble  to  Identify  the  preciae  condltiona  under  which  a  certain  mode  of  opera* 
tion  mergea  Into  another,  theae  modea  of  operation  are  eaaily  charaeterlied. 

The  factor  that  la  probably  moat  l^>ortant  in  chasecterixlng  the  poaalble  modea 
of  operation  la  the  average  nuidmr  of  coUlalona  undergone  by  the  electrona 
during  thalr  travel  trtm  the  emitter  to  the  collector.  Thua,  the  modea  of 
operation  nay  be  grouped  Into  two  brood  categorlea:  "coUialon  frae"  modea 
and  "plaama"  modea.  In  the  coUlalon  free  modea,  the  electrona  leaving  the 
emitter  aeldom  undergo  aubatantlal  coUlaionn  before  reaching  the  collector; 
auch  a  condition  la  achieved,  of  courae,  by  ualng  relatively  low  oealun  vapor 
preaauxea  and  amall  intarelectrode  apoclnga.  m  tha  plaama  modea,  the  inter* 
eleetrode  apaelng  la  relatively  large,  the  oealun  v^por  preaaure  la  relatively 
hltfi,  and  moat  odtted  elaotrma  collide  aevexal  tinea  with  oealun  atoma  and 
Iona  before  reaching  the  ooUeetor. 
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Tbe  plasma  mods  of  operation  «as  chosen  to  achieve  tbs  design  goals  of  the 
contract.  In  the  plasma  mode  of  operation,  the  high  vapor  pressure  of  tbe 
cesium  results  in  copious  ionisation  of  the  cesium  atoms  striking  tiie  emitter. 
IRie  resulting  buildup  of  cesium  ions  in  front  of  tbs  emitter  creates  a  sbeath 
potential  at  the  emitter,  as  illustrated  in  Figure  3>1*1«  Oils  potential 
distribution  has  the  effect  of  accelerating  the  emitted  electrons  and  thus 
Imparts  to  them  a  considerable  velocity  which  is  later  randaolsed  because 
of  multiple  collisions  with  the  atoms  and  ions  in  ths  interelectrods  space. 

To  satisfy  plasma  boundary  conditions,  a  secox^  sheath  potential,  lAileh  is 
also  shown  in  Figure  3«l*ljls  created  at  the  collector. 


Figure  3<1*1  defines  noasnelature  pertaining  to  the  operation  of  the  cesium 
plasma  converter:  and  4^  are  ^  emitter  and  collector  woric  functions, 

respectively;  and  are  ths  corresponding  sheath  potemtials}  and  V  is  the 
output  voltage,  which  is 

V  .  (t(,  -  ^5)  -  (V,  ♦  Il^j,  *  -  Vj),  (1) 

where  is  ths  voltsge  drop  across  tbe  cesium  plasma  and  is  tbe  voltage 
drop  in  the  optimised  emitter  lead. 

If  we  let  denote  tbs  temperature  of  tbs  electron  phase  la  Ibe  plasma,  tbs 
corresponding  raadomiaed  current  I^  will  be  given  by 

^e  • 

where 

■  y'dkT^/i^,  v^  ■  electron  production  rate, 

eleetrM»/ea^/see , 


■  electron  charge,  1^  •  electron  deaoltgr  la  the  plasaa. 


a^  ■  eleetroa  mass. 


Iquatioa  (2)  la  of  little  uae  becanse  tbs  electron  dsnsitiy  1^  eaaaot  be  prodletsd 
with  sufficient  accuracy.  It  la  posaible,  however,  to  cliaiaata  tbs  raadosdaad 
currant  as  a  variable  by  writing  tbs  followlag  simnltanaoua  efaaticna  fbr  tte 


mat  eurrsati 

l.Ia- 


1,  (- 


(3) 
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MOTIVE  DIAGRAM  FOR  CESIUM  FLASA^  CONVERTER 
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The  first  of  these  eqv*tlone  states  that  the  enltted  electrons  are  all 
accelerated  Into  the  plasna  hy  the  ealtter  sheath  and  hence  contribute  the 
snount  to  the  net  current.  The  net  e\irrent  Is  not  because  eons  of  the 
electrons  in  the  plasna  have  sufficient  kinetic  energy  to  overcoM  the  emitter 
sheath,  and  become  cstptured  by  the  emitting  surface.  This  reduction  in  current 
is  expressed  by  the  last  term  in  Equation  (3)>  Equation  (U)  expresses  the  net 
current  in  terms  of  the  sheath  potential  at  the  collector.  The  net  current  is 
that  fraction  of  the  randomlaed  current  idilch  reaches  the  coUector,  reduced 
by  the  ion  randomised  current  uhlch  is  transforsmd  (at  the  collector  by 
electron  capture)  into  a  neutral  atom  "current." 


Bquatlona  (3)  and  (4)  may  be  coaibinad  vith  Equation  (1)  to  yield: 
V  ^  ■  ^s  ■ 


■H" 


■  In 


I.  -  I 


(5) 


and,  if  tbm  IB  drop  Is  necloeted. 


If  the  sheath  potential  is  not  much  greater  than  kT^,  Equation  (3)  shows  that 
I  and  1^  are  of  the  same  order  of  magnitude.  Therefore,  provided  that  the 
current  I  has  sufficient  magnitude  (e.g.,  greater  than  20^  of  I^),  I  >^I^. 
Equation  (6)  thua  bsoosMS 

Eqaatlon  (7)  is  of  great  interest.  It  states  that  if  the  salttor  temperature 
is  maintained  conatant  (so  aa  to  make  I^  eoaotant),  the  resulting  plot  of  Y  vs 
la  [(I^  -  l)/l]  should  have  tbs  slope  kT^. 

Tb  ealculate  the  IB  drop  sppearlng  in  Equations  (1)  and  (5),  us  eaa  aosva  tba 
plasma  to  be  eosvlataly  loolasd.  The  eleetrlcal  comduetivlty  la  givua  by 
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p  -  lara^p. 


3.13^  X  loV 


■  aleetron  ebarse,  k  ■  BoltsMum*a  eonstaat, 

n  ■  dtnalty  of  the  elaetrona. 

Prodletad  Btrfoimnee  of  tha  Coalua  fla— a  Conrarter 
Froa  Equation  (5)  It  la  poaalbla  to  eoaatroet  eurvaa  ahowlag  output  and 
affielaiiey  For  tba  eoawartar  If  at  ehooaa  eartaia  paraaatara  of  oparation 
and  aatlaata  tba  alaetron  taaparatura  in  tba  eaalia  plaana. 

Qm  paraaatara  eboaan  ara: 

aaittar  taaparatura  ■  2000*K, 
eaaluB  eondanaatlon  taiparmtura  >  600*K 
eollaetor  ta^ratura  ■  900*K» 
apaelng  ■  0.010  In. 

Proa  tba  Lanpaiir  and  nqrlor  data  for  eaoiua  eoraraga  on  tunpitan,  aa  ean 
dataialna  tba  following: 

aaittar  work  fbnetlon  ■  3*03  volta, 
aaittar  aaturatlon  euiTant  >  10  aap/ea^, 
eollaetor  work  function  ■  1.8l  rolta. 

Early  data  obtainad  at  Ibaxao  Elaetron  Enginaarlng  Corporation  indleatad  a 
ranga  In  alaetron  ta^poratoxa  of  froa  3000*K  to  10,000*K.  Curvaa  bava  baan 
ealeulatad  for  tba  antraaaa  of  tbla  ranga. 

Iha  dlaaatar  and  langth  of  tba  aaittar  laad  bava  baan  optlalMd  for  aarlaua 
affloianey.  Tbla  la  naoaaaaiy  alnea  a  laad  with  too  larga  a  dlaaatar  will 
eauaa  a  larga  boat  loaa  by  eondnetlon,  and  a  laad  with  too  aaall  a  dlaaatar 
will  eauaa  a  larga  iS  loaa.  Hm  iS  la  tiw  eaalm  la  naglaetad  la  tbaaa 
ealeulatlona  baeauaa  tbay  ara  ganarally  qplta  aaall. 
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The  current  voltage  eharaeterlstlee  of  the  eeeiuB  plaema  converter  are 
presented  In  Figure  The  Ideal  efficiency,  baaed  only  on  electron  cooling 

heat  loss,  eoltter-to-colleetor  radiation  heat  loss,  cesium  conduetlan  heat 
loss,  and  optimized  lead  conduction  loss.  Is  plotted  against  voltage  In 
Figure  3>1*3* 

Subsequent  tests  of  thexmlonlc  devices  shov  a  reasonable  agreement  with  the 
theozy  except  that  It  appears  electron  tea^ratures  are  frequently  below 
5000°K  and  the  Inteznal  Impedance  characteristics  of  the  converters  are  nuCh 
hli^r  than  would  be  Indicated  by  the  calculations,  m  the  course  of  the 
theoretical  study.  It  became  evident  that  more  data  would  be  necessary  to 
pinpoint  the  exact  operating  conditions  of  cesium  plasma  converters.  An 
eiqperlaental  program  was  fonnilated  to  study  electrical  output  (current  and 
power  versus  voltage)  and  efficiency  as  finetlcns  of  the  liQ>ortaat  variable 
parameters,  namely,  the  emitter,  coUeetor,  and  eesltM  condensation  te^peratures, 
and  also  to  study  the  transient  changes  In  output  associated  witih  sudden  changes 
In  applied  load. 

3.1.2  Design  and  Construction  of  the  Ceslua  Plaaam  Test  Converter 

The  final  deslgi  of  the  cesium  plassui  test  converter  was  eoapleted  early  In 
October  i960.  The  converter  eross*4eetlon  Is  shown  in  Figure  3*1>^*  Ih  the 
final  design,  a  metal  oeremle  insulator  with  a  large  Inside  diameter  was  used 
to  permit  recessing  of  the  tantalM  emitter  Into  the  amlttar  easing.  This 
shortened  the  copper  collector  and  made  the  entire  converter  more  compact. 
Cylindrical  radiators  were  machined  as  Integral  parts  of  the  emitter  easing 
and  the  collector.  Two  long  copper  tdbes  were  connected  to  the  coUector  half 
of  Him  casing.  A  copper  block,  grooved  to  accept  Insulated  heater  wire  around 
lt,was  brazed  near  the  end  of  one  tube.  This  block  Is  the  oesim  reservoir. 

Its  temperature  eu  be  controlled  to  the  desired  oeslm  condensation  temperature 
by  passing  current  through  the  heater  wire.  The  eeslma  eepsule  Is  within  the 
copper  tdbe  below  the  ceslma  reservoir.  A  copper  ping  Is  brazed  Into  the  bottom 
end  of  the  copper  tdbe.  The  ssoonfl  oopper  tdbe  Is  tits  evmeuatifln  thbe,  whleh 
Is  oonneeted  to  a  vaewz  eystem  mvdble  of  pressures  of  the  order 

of  IX)*^  m.  meroury. 
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Tte  collector  heater  le  a  tungeten  ftlavot  throii|(h  vhlch  alternating  current 
la  pasted.  Fart  of  the  heat  radiated  hy  this  filanent  la  abtorhed  hy  the 
collector,  thus  increasing  the  collector  teaperature.  Ibe  ends  of  the  filasMnt 
are  hraaed  onto  molybdenum  cylinders,  uhlch  in  turn  are  brazed  onto  ceramic 
metal  leadthroughs .  The  two  leadthroui^  are  brased  to  a  mounting  plate. 

The  electron  heating  filament  is  mounted  Just  abowe  the  emitter.  It  is 
identical  to  ths  collector  heater  as  ttr  as  support  structure  is  concerned. 

The  tungsten  filament  Is  S-shqped,  with  the  plane  of  the  S  parallel  to  the 
surface  of  the  emitter. 

The  braies  used  ware  chosen  on  tbs  basis  of  mechanical  strength,  ductility, 
wsttahillty,  wacuum* tightness,  melting  point,  and  rapor  pressure.  Since  little 
data  on  the  eorroslwe  effects  of  ceslm  an  these  braaes  was  available,  and  a 
Ilfs  of  only  shoot  50  hours  was  aaeesaary,  no  effort  was  made  to  test  the 
braaes  in  a  eesiiai  alaoaphere  before  coastructlag  the  converter. 

The  coavleted  converter  vas  outgassed,  evacuated,  and  criigped  off.  The  cesiua 
capsule  eas  csoahed,  and  ths  ceslm  tube  heated  to  drive  the  cesloi  into  the 
test  converter.  Then,  the  cesium  tube  uas  crijapsd  and  severed  Just  belev  tbs 
ceslus  reservoir  to  ellaiaats  the  crushed  glass  capsule. 

The  unit  was  than  aounted  on  its  leadthrough  ring  by  eonasctlag  alialna  tubing 
betessn  tbs  unit  and  a  mounting  plate  and  connseting  threaded  stainless  stsel 
rods  bstuaea  tbs  nountlag  plate  and  ths  Isadthroutfi  ring.  Ths  ttaszmocouplss 
and  leads  wers  attached  to  leads  from  ths  leadthrough  ring,  and  ths  top  plate 
(carrying  the  electron-heating  apparatus)  uas  put  Into  plaee.  A  wlev  of  the 
entire  test  assembly  is  given  la  Figsre  3.1.5*  Brtsmal  lends,  netase,  poser 
svpplies,  and  nssoolatad  tast  sgnlpnsiit  ere  not  sheen. 

PrsltntnMT  avaluatlon 

Vhsa  ths  tost  setny  ess  ea^lsted  and  the  veww  suarrnundlng  the  converter  sea 
satislhstosy,  the  eesisn  oonverter  was  rangy  for  test.  Be  enltter  see  sleedy 
heated  to  shoot  aooo*K.  It  sns  left  at  this  ta^peratnle  for  shout  one  hour, 
by  the  and  of  shleh  tins  the  emittsr  casing  and  ooUeetor  easing  had  raeehed 
agsilibrim  tanperaturas.  Thaos  ofsilibriv  ta^pamtnlee,  chtalned  elth  no 
hast  applied  to  the  eoUeetor  or  eesiun  roeervolr,  usia  850*E  on  the  eollester, 
shoot  8ao*E  on  tie  ooUeotor  ooning,  on  Be  onittar  saalag,  and  9P0*E  on 
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the  eeeluan  reservoir.  The  teiqperetures  oeasured  vere  very  close  to  the 
predicted  (design)  tes^eretures  for  no  collector  or  cesium-reservoir  heating 
and  an  emitter  tesverature  of  2000*K.  It  vaa  found  that  a  constant  emitter 
teav*n^ure  vas  fairly  easy  to  maintain  for  the  length  of  time  necessary  to 
take  current^voltage  and  other  neceasary  data.  The  emitter  temperature  vas 
found  to  he  controllable  from  the  louest  to  the  highest  values  desired. 

The  collector  heater  vas  used  to  obtain  high  collector  temperatures,  and  vas 
found  to  be  very  satisfactory  and  eaaily  regulated.  The  cesium  reservoir  heater 
vas  capable  of  producing  cesium  condensation  temperatures  of  over  700*K,  the 
highest  temperature  of  Interest.  It  vas  quite  single  to  regulate  and  came  to 
a  constant  eq;ulllbrlta  te^erature  In  a  very  fev  minutes.  A  constant  cesium 
condensation  temperature  Is  a  necessity  idille  tests,  and  vas  readily 

obtained  In  thla  unit.  The  maxisRim  deviation  (fluctuation)  occurring  during 
all  teats  vas  2*C.  Pyrometer  tei^rature  measuresents  appeared  to  be  fairly 
easy  to  obtain,  provided  that  the  side  of  the  emitter  next  to  the  top  edge 
vaa  read  (to  avoid  the  effect  of  reflections  free  the  electron-beating  filament) 
and  that  the  temperature  correction  for  tantalum  vas  used.  Deposits  occurred 
on  the  glass  vail  of  the  vacuus  envelope,  making  accurate  aeasurenent  of  the 
emitter  temperature  difficult.  The  tantalus  eoltter  appeared  to  become 
yellovlsh,  and  perhaps  changed  substantially  In  emlssivlty.  Taking  the  above 
Into  consideration,  It  appears  that  the  emitter  tesperature  as  read  by  an 
optical  pyrosmter  vaa  vithin  100*1  of  the  true  emitter  tesperature.  Bovever, 
during  each  current- vs -voltage  test.  It  vas  possible  to  maintain  the  emitter 
taspe^ture  constant  vltbln  10 *C. 

Teat  Results 

The  test  results  are  susaarlsed  In  Figures  3>1«6  throu|d>  3*1>9* 

The  results  vere  very  eneouragiag  In  that  hi^  pover  outputs  were  obtained  and 
the  effects  of  emitter,  collector  and  eaalum  reservoir  temperatures  and  intsr- 
alactrode  spacing  vara  aaaily  obaarvad.  In  retroapaet,  it  la  nov  obvious  that 
tha  vary  high  valuta  of  currant  and  powar  denai^  vara  nlaleadlng.  Shbaequant 
tasting  of  other  unite,  using  more  sophisticated  tecbalqpes,  has  indicated  that 
araaa  othar  than  the  calculated  emitter  area  vara  probably  contributlag  to  tha 
maaaurad  valua  of  povar  output  la  tha  teat  vehicle  under  consideration.  There¬ 
fore,  vhile  the  ahipe  of  the  curves  and  the  relative  treads  of  the  corves  vlth 
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respect  to  emitter,  collector  and  cesium  reservoir  temperatures  and  Inter- 
eleetrode  spacing  are  significant  and  useful,  the  magnitude  of  the  values  of 
poser  density  and  current  density  must  he  discarded  In  favor  of  more  recent 
experimental  results.  At  the  time  that  these  experiments  sere  performed, 
hosever,  the  resxilts  provided  a  muehiMeded  framesork  for  guidance  in  converter 
design. 
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3>1>3  T!hemlople  Qeaerator  Testa  and  Evaloatlon 
Introduction 

Two  themlonle  generators  have  been  built  under  this  program.  Ihe  objective 
of  the  program  Is  to  obtain  data  cn  the  performance  of  two  promising  state- 
of-the-art  thexmlonlc  generators  which  can  be  utilized  In  the  development  of 
a  prototype  generator  for  Incorporation  In  advanced  thermionic  power  systems 
In  the  1-10  KW  range  for  aerospace  applications.  Ihe  first  generator  asseobly 
consisted  of  two  200-vatt  cylindrical  geometry  converters  eonneeted  In  series 
with  a  DC-DC  converter  to  raise  the  output  voltage  from  2  to  28  volts  DC.  A 
eonqplete  description  of  the  two^eonverter  generator  and  the  test  program 
carried  out  on  this  cylindrical  configuration  Is  presented  In  Part  I  of  the 
Perfonnanee  Test  Report,  Itaa  IV  under  contract  No.  AP  33(6l6)-74ll.  The 
second  generator  asseiribly,  called  the  edbleal  cavity  thermionic  generator, 
was  s\d>sequently  tested  and  the  pertinent  data  was  presented  In  Part  II  of 
the  Performance  Test  Report. 

This  second  generator  configuration  consists  of  five  thermionic  converters 
of  Identical  design  mounted  In  a  cubical  block,  nie  converters  are  shaped 
so  the  msltters  form  a  small  e\d>leal  cavity  absorber  within  the  generator 
assembly.  This  configuration  differs  from  the  cylindrical  geometry  converters 
In  that  a  hl^^r  output  voltage  can  be  obtained  from  a  single  assembly  of 
converters  that  form  the  solar  cavity  absorber  for  a  single  solar  concentrator. 
Ihe  cavity  Is  efficient  in  utilizing  solar  energy,  and  the  converter  design 
Is  felt  to  be  far  more  reliable  from  the  structural  standpoint. 

200-Watt  Cyllndrleal  Generators 

Rystematle  tests  have  been  carried  out  on  the  two  200-watt  thermionle 
converters.  A  complete  set  of  characteristic  performanee  curves  has  been 
obtained  for  both  converters  under  a  variety  of  operating  conditions. 
Sufficient  data  have  been  obtained  to  permit  a  complete  optimization  of  all 
pertinent  parameters  for  this  converter  configuration.  The  charaeterlstle 
data  Is  Intmctlonally  related  to  Input  power  to  fulfill  the  need  wider  this 
program  for  an  evaluation  of  converter  perfoxnance  associated  with  a  constant 
power  Input  from  a  solar  concentrator.  The  presentation  Is  extended,however, 
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to  relate  overall  perfomanee  to  enitter  tenqperature  to  permit  a  eonqparlson 
vlth  data  generated  by  other  Investigators  and  to  slsgtllfy  the  analysis  of 
converter  perfomanee. 

Eateh  of  the  eoiverters  was  found  to  function  veil  during  eiU  tests*  Units  #1 
and  #2  vere  shown  to  possess  an  overall  efficiency  of  10.6  and  13*6^  respec¬ 
tively  M  determined  by  the  ratio  of  electrical  output  to  total  electrical 
input.  Ihifortunately,  some  performance  degradation  was  observed  In  Unit  #2  In 
the  course  of  the  testing*  A  decline  of  about  1*^  was  observed  In  Uhlt  #2. 
lAiit  on  the  other  hand  had  experienced  am  Improvement  of  about  the  seme 
magnitude  during  the  first  few  test  runs>thereby  raising  its  efficiency  from 
Sit  to  nearly  10.6^  under  optimum  conditions*  The  reamons  for  these  changes 
aure  not  known  for  certain,  nor  is  a  complete  explanation  available  for  the 
difference  in  performamce  between  units  #1  and  #2*  nte  anst  logicaO.  explama- 
tion  that  can  be  made  at  this  time  Is  that  impurities  emd  outgamsing  cause 
the  difference  noted  in  these  units*  However  careful  exaunlnatlon  of  the 
dlsamsembled  converter  which  failed  during  the  test  series  amd  was 
subsequently  rebuilt,  showed  no  sign  of  contamination  or  breaUcdown  of  the 
electrode  materials* 

As  experience  was  gained  In  the  operation  of  the  converters  It  was  found 
possible  to  extend  the  operational  amd  data  ramge*  At  first  some  concern 
was  felt  over  the  possibility  of  overheating  the  eBdtters,  amd  overstressing 
the  seal  asseaiibly  in  the  higher  voltage  or  open  circuit  region  of  testing* 
Fortunately,  am  tbs  test  proceeded  it  was  found  possible  to  maJte  artist  aure 
felt  to  be  fairly  amcurate  readings  of  taaaperature  in  the  emitter  cavity 
despite  eomplicatlcms  of  geometry  and  electron  bombaucdment  heating*  Because 
of  this  it  was  then  possible  to  observe  temperature  chamges  which  resulted 
from  load  variations  amd  amsure  that  no  damage  would  result  from  the  pramtice 
of  testing  over  the  entire  voltage  scade  of  the  converter*  This  sactmslon  of 
the  test  region,  coupled  with  the  pyrosmtric  temperature  aeasuroinnts,suibse- 
qinsntly  pendtted  the  generation  of  coeVlete  parametric  type  perfcamonee  data* 

FhUowlng  the  eospletlon  of  Individual  tests  the  two  converters  were  coonected 
in  series  and  operated  as  a  gsMrator*  The  coniblned  output  of  the  converters 
in  series  was  found  to  be  about  320  watts  under  optimum  conditions,  but  the 

2? 


I 


ov«rall  output  with  tha  DC-DC  eoeverter  as  part  of  the  generator  asseoibly  was 
only  149  watts  due  to  the  relatively  low  efficiency  of  the  electronic  clr- 
cultxy.  nie  mismatch  between  the  themlonlc  generator  which  produced 
maximum  power  output  at  1.5  volts  with  the  two  converters  In  series,  and  the 
DC-DC  converter  which  was  designed  for  maximum  performance  at  2  volts  reduced 
overall  efficiency  to  about  5^* 

Of  particular  Isqportance  In  the  series  testing  was  the  observation  of  a 
passive  mode  of  operation  In  the  converters.  In  this  node  It  was  noted  that 
a  converter  In  series  can  actucdly  be  made  to  operate  as  a  simple  forward- 
conducting  diode  or  even  as  a  power  consuming  element  In  the  circuit.  This 
node  of  operation  Is  Ixiduced  by  improper  maintenance  of  cesium  coverage  on 
the  emitter. 

An  atteiqpt  to  analyze  converter  performance  data  was  also  made  using  current 
theory.  Here  some  discrepancies  were  noted.  The  principal  source  of  diffi¬ 
culty  seems  to  stem  from  the  fact  that  In  the  high  current  regions  the 
themlonlc  converters  act  like  purely  resistive  devices.  From  this  It  Is 
suggested  that  the  mechanism  of  operation  Is  not  adequately  understood,  and 
that  methods  used  to  calculate  plasma  la^edance  are  not  adequate.  It  Is 
concluded  that  more  data  will  be  required  from  converters  of  different  con¬ 
figurations  and  of  different  materials  to  more  clearly  define  the  high 
pressure  plasma  mode  of  operation. 

Test  Boulpment  and  Procedures 

The  basic  vacuum  test  staxid  is  shown  In  Figure  3>1>10.  This  photograph 
shows  a  single  converter  mounted  on  the  xl^t  half  of  a  4  inch  dual  vacuum 
system.  Also  shown  are  the  low  impedance  water-cooled  load  bank  on  the  front 
of  the  stand,  the  main  bosibardaent  power  supply,  piggy  back  filament  heater, 
thermocouple  potentiometer,  vacuum  control  panel  and  assorted  iseters  for 
measuring  converter  characterlstles  and  power  outputs.  Also  shown  are  several 
of  the  blowers  used  to  cool  the  pyrex  vacuum  envelope  and  the  nitrogen 
reservoirs  and  s\q>ply  tank.  Hot  shown  is  the  pyrometrlc  equipment  used  to 
obtain  temperatum  measurements  in  the  emitter  cavity. 
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200  Watt  Converter  ABsenbly 

19ie  converter  eanflguration  used  In  this  test  prograa  Is  shown  In  the  half 
section  view  in  Figure  3«1>11«  This  design  utilizes  an  emitter  which  is 
coiQ>atihle  with  solar  powering.  !nie  cylindrical  cavity  emitter  ccnfiguratlon 
is  an  efficient  absorber  of  radiant  energy.  It  can  be  seen  that  by  removing  the 
electron  gun  assembly  and  modifying  the  thin  8vq;>port  section  between  the 
emitter  and  emitter  radiator  this  eissembly  could  be  made  to  accept  concentrated 
solar  energy. 

The  following  general  siMclficatlons  and  dimensions  apply  to  this  configuration: 


Emitter  material 
Collector  material 
Electron  gun 
Filaments 

Insulator  assembly 
Bnltter  diameter 
Bnitter  length 
Electrode  spacing 
Bnltter  area 
Emitter  design  temp. 
Collector  design  temp 


-  tantalum 

-  copper 

-  molybdenum 

-  tungsten 

-  density  alumina 

-  1.06  inches 
•  1.4^  Inches 

-  0.006  inches 

2 

-  31  cm 

-  2000°K 

-  915°K 


The  perfozmance  characteristics  \mder  constant  input  power  conditions  are 
shown  in  Figures  3.1.12  and  3.1«13  for  near  optimum  conditions  for  Unit  #1. 
Figure  3*1*1^  shows  a  comparable  optimized  curve  for  Unit  #2  showing  an 
overall  efficiency  of  13.6^  at  over  200  watts  output.  The  operation  of  the 
converters  under  non-optiaun  conditions  with  a  constant  input  power  can  be 
swsnrised  as  in  Figure  3. 1*15  shown  for  \E^t  #2  with  a  variety  of  cesium 
temperatures. 


The  tests  carried  out  were  directed  towards  developing  optimization  curves 
of  cesins  temperature , collector  tesqperature,  and  load  voltage  as  a  function 
of  emitter  temperature,  as  shown  in  Figures  3.1.16/  3.I.17,  and  3.I.I8. 
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SECTION  DRAWING  OF  EOO^AH  CONVERTBI 
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OVERALL  ffFIOENCY 


El  CHARACTERISTICS,UNIT  '  2,  ACCEPTANCE  TEST 


Fig.  3.1.14 
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COMPOSITE  PLOT  -  UNIT  >2  -  VARIOUS  Tci  VALUES 
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OTiaENCY 


COMPOSITE  DATA  PLOT 

OPTIMUM  CESIUM  T»^ERATURE  VERSUS  EMITTER  TEMPERATURE 
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OTTIMUM  LOAD  VOLTAGE  VERSUS  EMIHER  TEMPERATURE 
POR  .006  SPACING 


1100  tPOO  2000  2100  2200  2300 

EMITTER  TEMPBIATURE,  *K 


Fig.  3.1.18 
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Universal  Characteristic  Perfonnanee  Map 


From  the  data  relating  teo^erature,  power  Input,  and  load  current,  a  universal 
performance  map  was  developed,  plotting  the  load  voltages  measured  at  the 
various  current  levels  for  each  power  Input,  as  shown  In  Figure  3«1«19>  a 
well  defined  picture  of  converter  characteristics  emerges.  As  shown  In 
Figure  3.1.20,  a  plot  of  tengwrature  versus  voltage  can  be  generated  with 
current  on  a  per  sguare  centimeter  basis  as  a  parameter.  VUth  this  second 
figure.  It  Is  possible  to  determine  the  load  characteristics  of  a  converter 
for  any  given  tengperature.  These  data  are  applicable  to  any  converter  design 
and  will  Indicate  the  optimum  performance  If  the  same  materials,  spacing,  and 
optimum  or  near  optimum  values  cf  cesium  and  collector  tesgperature  are  used. 

Series  Operation  of  Two  200-Watt  Ceslm  Vapor  Converters 

At  the  coBqpletlan  of  Individual  testing,  both  units  were  cconected  and 
operated  In  series.  ISie  converters  were  made  to  operate  satisfactorily  at 
a  reduced  overall  efficiency,  but  a  basic  problem  connected  with  series 
operation  was  uncovered.  ^Rie  solution  to  this  problem  was  to  operate  the 
converters  at  other  than  optimum  cesium  pressures  with  some  sacrifice  In 
performance. 

Botb  converters  were  series  connected  and  brought  up  to  what  bad  been  optimum 
conditions  In  previous  tests.  Measixrements  showed  that  under  these  conditions 
very  little  power  was  actually  delivered  to  the  load.  In  fact,  one  converter. 
Unit  #2,  seemed  to  be  acting  as  part  of  the  load.  'Hie  polarity  of  the 
voltage  across  this  unit  had  reversed.  lAilt  #1  had  a  *  0.6  voltage.  Unit 
a  -  0.6  volts  with  0.2  volts  appearing  across  the  load  at  a  200>a]i9  current 
level.  Overall  efficiency  In  this  condition  was  less  than  2^. 

By  increasing  ceslvn  pressure  or  reducing  the  emitter  temperature  In  Uhlt  fZ, 
the  polarity  could  be  made  positive  and  the  load  power  greatly  Increased.  It 
Is  apparent  that  the  cause  of  the  voltage  reversed  is  associated  with  oitter 
work  function,  and,  in  particular,  with  an  increetse  in  work  function  due  to  a 
deficiency  In  cesium  coverage.  Subsequent  adjustments  in  cesium  te^ierature 
gave  a  new  set  of  optimum  conditions  for  series  operation.  Peak  ou^ts  of 
nearly  310  watts  at  9 >5%  overall  efficiency  were  obtained. 
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The  plot  of  the  series  data  presented  in  Figure  3  •  1*21  Is  a  coiig>oslte  of  data 
obtained  during  teste  conducted  on  two  separate  days.  The  cesium  pressure 
and  Input  power  levels  are  nearly  the  same  for  all  points,  however,  and  the 
voltages  noted  for  each  Indlvldvial  converter  were  approximately  the  same. 
Unfortunately,  the  premature  failure  of  converter  #2  under  te^t  restricted  a 
further  examination  of  factors  affecting  series  (deration. 

At  first  It  was  concluded  that  the  previously  noted  difference  In  efficiency 
between  Unit  #1  and  #2  was  responsible  for  reversion  to  the  passive  mode  of 
operation.  It  appeared  that  Uhlt  #2  had  to  be  deliberately  operated  at  a 
non>optlmum  point  as  Indicated  by  the  fact  that  a  380°  cesium  tenqperature  was 
required  to  obtain  a  condition  idiere  the  voltages  were  approximately  equal 
and  additive.  Closer  examination  of  the  data  sheets,  however,  disclosed  that 
It  Is  quite  possible  that  a  leak  in  Unit  #2  was  causing  a  reduction  In  the 
plasma  pressure. 

It  was  noted  on  the  data  sheet  of  this  test  that  the  vacuum  In  chamber  ^ 
had  risen  to  U  x  IC'^  mm  Big.  iMs  would  Indicate  the  possible  Introduction 
of  a  hlgh-vapor-pressure  substance  such  as  would  be  experienced  with  a  cesium 
leak.  It  follows  that  If  cesium  vapor  were  leaking  out  of  the  converter  a 
higher  pressure  would  be  required  In  the  cesium  reservoir  to  Insure  a  suffi¬ 
cient  quantity  of  cesium  vapor  In  the  Interelectrode  space, and  to  make  tqp  for 
the  decline  In  pressure  that  would  be  associated  with  a  leak  Into  the  vacuum 
chamber. 


The  test  carried  out  on  the  200<^tt  converters  covering  a  wide  variety  of 
loads  such  euB  motor,  resistive,  static  converter  and  others  under  steady  state 
and  transient  or  cyclic  conditions  demonstrated  the  feasibility  of  using 
thendonlc  converters  for  oxbltal  ai^Ucatlons.  The  relatively  hl^  failure 
rate  associated  with  the  cylindrical  geoswtiy  generators  also  Indicates  the 
need  for  further  developawnt  axid  improvement  to  make  the  utilisation  of  this 
highly  efficient  configuration  practical. 
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LOAD  VOL1AGE 


The  Cubical  Cavity  Generator 


The  concept  of  a  cubical  cavity  generator  vas  the  result  of  a  desire  for  a 
thermionic  generator  idilch  would  have  on  output  potential  of  about  five  volts 
from  a  single  solar  concentrator,  single  generator  configuration.  Therefore, 
if  the  above  stated  objective  is  to  be  achieved,  it  is  necessary  to  arrange  a 
group  of  converters  so  that  the  emitter  of  each  is  close  to  the  focal  point  of 
the  concentrator  a;'.d  so  that  the  converter  leads  may  be  connected  in  series. 

The  arrangement  must  be  such  that  the  maximum  amount  of  energy  which  is  directed 
to  the  focal  point  by  the  concentrator  is  absorbed  by  the  converters. 

By  arranging  five  flat  converters  to  form  a  cubical  cavity,  the  heat  losses  arm 
reduced  with  a  mlninum  of  complication  to  the  converter.  Ihe  sixth  side  of  the 
cubical  block  faces  the  solar  concentrator  and  admits  the  ecncentrated  solar 
energy.  Ihe  system  is  designed  so  that  the  focal  plane  of  the  concentrator  is 
coincident  with  cavity  aperture. 

Initially,  the  objective  was  the  development  of  a  laboratory  prototype  generator 
to  be  heated  by  electrcm  bombardment.  Ihe  design  goals  for  the  converters  to  be 
used  in  this  generator  are  given  in  Table  3.1.1.  A  generator  design  was  pre¬ 
pared  and  development  was  begun.  Ihe  result  of  this  work  vas  the  converter 
which  is  shown  in  Figure  3*1*22. 

Over  100  hours  of  testing  mere  accumulated  on  this  converter.  Ihe  moat  signifi¬ 
cant  results  are  given  in  Table  3>1*2<  These  tests  talten  together  with  data 
from  other  programs  showed  that  a  number  of  improvements  could  amde  in  both 
the  converter  and  the  generator  design.  At  the  same  time  it  became  desirable 
to  fabricate  a  generator  idilch  could  be  solar  tested  in  the  TBl-T  solar  test 
facility.  A  eoiiplete  redesign  was,  therefore,  instituted. 

The  generator  which  resulted  from  the  redesign  is  Aown  in  Figure  3. 1.23.  This 
design  allows  solar  flux  from  a  60*  rim  angle  concentrator  to  reach  the  cavity 
and  has  a  sufficiently  massive  support  structure  to  permit  conduction  cooling 
of  the  block  during  solar  test.  The  converter  which  vas  developed  for  this 
generator  is  shown  in  cross  section  in  Figure  3.1.24.  The  reentrant  emitter 
design  is  maintained  but  a  sin^e  tamtalua  saitter  is  used  instead  of  tungsten. 
This  change  was  made  to  simplify  fabrication  auid  iiqprove  reliability.  Oie  seal 


TABLE  3*1>1 


DESIGN  GOALS  FOR  LABOR/CTORY  PROTOTYPE  CONVERTER  FOR  CUBICAL  CAVITY  GENERATOB 


Bnltter  TeiiQ«rature 

2000 •K 

Collector  Temperatvire 

1000 •K 

Cesium  Reservoir  Temperature 

650  nc 

Emitter  Area 

U.12  cm^ 

Interelectrode  Spacing 

U  nils 

Output  Voltage 

1  volt 

Output  Current 

UI.2  amperes 

Power  Density 

0 

10  vatts/cm 

Power  Output 

41.2  watts 

TABLE 


LABORATORY  PROTOTYPE  COWVERTBR  CHARACTERISTICS 


Emitter  Material;  Tungsten 

O 

Emitter  Area;  4.28  cm 

Emitter  Temperature:  2048 *K 

Collector  Material;  Molybdenum 

o 

CoUector  Area:  4.28  cm 
CaUector  Teaq?erature:  9^3  *K 
Interelectrode  Spacii^:  .004** 

1.0  volt 
27  watts 
6.35  w/cm^ 


Voltage:  0.9  volt 

Powsr:  30.6  watts 

O 

Power  Density:  7.15  w/cm 


Cesium  condensation  temperature  64^ *K 
Efficiency  ■ 

-  13.6J( 


Measured  Output 

Calculated  ^at  Rejected  ■¥  Output 


Operation:  116  hours,  23  cycles  with  no  degradation 


Specific  Power:  12.25  watts  per  lb. 
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Fig.  3.1.23 


Fig.  3.1.24  Thermionic  ConTerter  and  Clinical  CaTity  Block  Aaaeribly 

h9 


I 


structure  Is  more  contact  and  eliminates  the  space  required  by  a  floating  type 
seal.  Thus,  the  entire  converter  Is  smaller  In  diameter  and  the  60°  rim  angle 
for  the  aperture  plate  Is  obtained.  The  cesium  reservoir  Is  of  such  a  nature 
that  the  converter  can  be  operated  in  any  position  without  difficulty.  Even 
when  the  convei’ter  Is  Inverted,  the  cesium  will  remain  In  the  reservoir.  Table 
3.1.3  gives  the  design  goals  for  the  converter  to  be  used  In  the  cubical  cavity 
generator.  The  actual  converter  Is  shown  In  Figure  3.1*23. 

Preliminary  casts  were  carried  out  on  each  of  the  five  converters  used  In  the 
cubical  cavity  assenbly  to  determine  individual  characteristics  and  assure 
proper  operation  In  the  assembly.  Qiese  preliminary  tests  Indicated  some  differ¬ 
ences  In  converter  performance  existed  because  the  converters  were  found  to 
develop  different  power  outputs  and  to  require  slightly  different  cesium  tempera¬ 
tures  for  proper  operation  with  nearly  the  same  emitter  teaperatures  prevailing. 
These  differences  were  small,  however,  and  not  of  serious  consequence  so  far  as 
the  generator  performance  warn  concerned. 

The  generator  was  found  to  function  well  under  test,  inie  generator  demonstrated 
a  perfomance  capability  coaparable  to  the  cylindrical  geometry  generator  with 
the  advantage  of  a  higher  output  voltage  available  to  the  load.  No  deterioration 
In  performance  was  experienced  during  more  than  72  hours  of  laboratory  tests. 

Also,  the  design  was  so  nearly  optimized  as  to  permit  operation  near  the  design 
point  without  the  need  for  cesium  heater  power  Input. 

The  nature  of  the  electron  bombardment  heater  circuits  used  In  the  laboratory 
test  of  this  five-converter  assei^ly  precluded  rapid  steurt-up  and  cyclic  testing. 
This  Is  not  felt  to  be  a  serious  defect,  however,  since  a  prototype  converter  of 
Identlesd  design  but  not  charged  with  ceslm  was  capable  of  wlthstaxullng  hundreds 
of  on-off  cycles  without  loss  of  structural  Integrity  when  tested  alone.  All 
other  types  of  tests  couU  be  conducted  satisfactorily  with  the  cubical  cavity 
generator  assesibly. 

All  pertinent  data,  Inclullxig  a  reasonably  good  meMurement  of  emitter  tenperature, 
was  taken  satisfactorily  throughout  the  testing.  It  became  apparent  that  there 
were  some  defects  In  the  thexvoeouple  Instrumentation  used  to  measure  cesium  and 
radiator  temperature,  but  the  errors  Introduced  can  be  adequately  accounted  for. 
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TABLE  3*1>3 


THEHMIONIC  CONVERTER  SPECIFICATI0II3  FOR 
100-WAIT  CUBICAL  CAVITY  OEMERATOR 


E. litter  Temperature 

2000  *11 

Collector  Temperattire 

950 1C 

Cesium  Peservolr  Temperature 

6501c 

Emitter  Area 

3.08  cm® 

Interelectrode  Spacing 

2  rails 

Output  Voltage 

1  volt 

Output  Current 

20  amperes 

Power  Density 

6.5  w/cra® 

Power  Output 

20  watts 

Measurements  of  volte^se  and  current  are  accurate  and  meaningful  due  to  a  novel 
loading  technique  vhlch  was  employed  In  oibtalnlng  characteristic  curves. 

It  was  found  that  most  of  the  data  acquired  on  the  two  cylindrical  gexierators 
was  verified  by  the  measurements  made  with  the  cubical  cavl'^  generator.  In 
some  Instances,  however,  there  were  significant  differences  found  In  the 
operating  characteristics  of  each  generator  type.  Ihe  cubical  cavity  generator, 
for  exasqple,  was  found  to  be  far  less  sensitive  to  cesium  tenqperature  variations, 
and  the  shape  of  the  typical  load  curves  does  not  change  greatly  from  low  cesium 
vapor  pressure  to  relatively  high  vapor  pressures  for  a  given  power  Input. 

nie  coog>lete  generator.  Including  all  associated  leads,  electron  gun  assenbly 
and  vacuum  feed  through  base  plate.  Is  shown  In  Figure  3*1.26. 

The  generator  Is  shown  mounted  on  the  vacuum  test  stand  along  with  other  eussocl- 
ated  support  equipment  axid  Instnuentatlcn  In  Figure  3*  1*27*  test  setHq> 
Includes  a  vacuus  system  capable  of  maintaining  vacuums  of  about  2  x  10  under 
operating  conditions,  a  control  and  meter  console  with  internal  resistive  loads, 
two  IX:  and  one  AC  power  supplies,  a  dual  channel  recorder,  XY  plotter  (not  shown), 
a  CVC  cold  cathode  vacuus  gage,  and  a  20-power  Pyro  Micro  Optical  ^rrometer.  A 
multl’ixjint  switch  Is  also  used  to  select  Individual  thermocouple  readings  on  the 
generator  for  entry  Into  one  of  the  dual  recorder  channels.  Ihe  vacuus  system 
Is  also  fitted  with  a  liquid  nitrogen  cold  trap  and  four  auxlllazy  cooling  fans 
directed  at  the  bell  Jar  enclosure. 

Test  Results  -  Cubical  Cavity  Generator 

Nuserous  load  characteristics  curves  were  generated  during  the  test  activity. 

A  series  of  typical  I-V  and  efficiency  curves  are  shown  In  Figure  3.1.28  to 
Figure  3.1.30.  These  curves  were  obtained  for  three  different  power  Inputs 
with  optimum  or  near  optlBius  cesium  temperatures.  The  data  points  were  obtained 
by  the  loadHmltchlng  technique  with  the  generator  perfPnmance  under  nearly 
constant  teiqperature  conditions  and  under  condltloos  of  nearly  constant  cesium 
coverage. 

Gne  of  the  most  gzmtlf^rlng  features  of  the  generator  tested  Is  Its  reduced  sensi¬ 
tivity  to  variations  In  cesium  coverage  or  reservoir  tesverature.  Also,  tbs 
generator  was  fowd  to  work  reasonably  well  even  when  one  or  more  of  the  oon- 
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Tepters  was  poorly  optimized.  In  many  inetancea  it  was  very  difficult  to  detect 
laonroper  cesium  temperature  from  the  shape  of  the  generator  cujrve.  Figure  3.1.31, 
for  example, shows  a  plot  of  four  I-V  curves  which,  from  initial  appearance,  might 
be  considered  a  family  generated  under  different  input  power  condltiors .  Curves 
■^1  and  #3  are  taken  at  the  same  power  input  however  and  the  difference  in  slope 
and  efficiency  is  a  function  of  cesium  covexege  only.  Curves  #3>  '!}6  are 

taken  at  different  power  Inputs  with  nearly  optimum  cesium  coverage.  Curve 
however  was  taken  during  the  %farm  up  period  before  proper  cesium  temperature  was 
reached  by  the  reservoirs.  All  converter  voltages  were  well  matched  for  each  of 
the  four  cxirves. 

The  determination  of  an  optimum  cesium  temperature  as  a  functltm  of  emitter  tempera¬ 
ture  is  very  difficult.  With  five  converters  to  monitor  and  with  the  introduction 
of  errors  in  the  thermocouple  data  due  to  the  junctions  established  by  the  feed* 
through  arrangement,  it  is  not  possible  to  present  a  concise  picture  of  cesium 
tesperature  optimization.  The  picture  is  further  obscured  by  the  fact  that  all 
converters  are  not  exactly  alike,  nor  is  it  certain  that  all  emitters  are  at  the 
temperature  observed  in  emitter  It  is,  in  fact,  very  fortunate  that  a  genera¬ 
tor  has  been  found  to  operate  so  well  considering  the  lack  of  precise  control  and 
measuremsnt  in  the  areas  mentioned. 

The  best  approach  that  can  be  made  based  on  the  data  available  is  to  present  a 
composite  plot  of  average  cesitiz  tenperatxum  versus  emitter  temperature.  A 
coaparison  between  this  data  curve  curd  the  optimum  curve  obtained  from  the  tests 
of  the  200  watt  generators  is  shown  in  Figure  3.1.32. 

It  appears  that  a  somewhat  higher  optimun  cesium  temperature  is  repaired  for  the 
cubical  cavity  generator.  This  repuirement  is  felt  to  be  Jtistified  because  the 
decrease  in  electrode  spacing  would  necessitate  a  slightly  hl|^r  cesium  pressure 
to  provide  the  rep^ired  mnber  of  ions  needed  in  the  rediKed  volusm  to  assure 
proper  space  charge  neutralisation.  Again  however,  because  of  the  lack  of  pre¬ 
cise  data,  no  positive  conclusions  can  be  drawn.  Qie  data  shown  here  is  sufficient 
to  provide  reasonable  design  data  for  fhture  generator  development,  but  most 
certainly  should  be  supported  by  additional  test  results. 

The  optimisation  of  generator  or  converter  voltage  as  a  function  of  emitter  tempera¬ 
ture  is  obtained  by  plotting  the  voltage  at  points  of  peak  efficiency  at  several 
different  power  inputs  vezmus  emitter  teaperatures.  Several  points  from  test  run 
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#13  are  shown  In  Figure  3.1.33>  Also  shown  In  this  figure  Is  the  optimization 
curve  for  the  200«^tt  converter.  It  appears  that  the  closer  spacing  results 
In  a  reduction  of  the  optimum  voltage  for  a  given  emitter  tes^erature.  !Ihe 
exact  reason  for  this  reduction  Is  not  cleeur.  Neglecting  the  posslhlUty 
that  this  discrepancy  may  he  due  to  errors  In  the  data,  It  Is  suggested  that 
the  reduction  may  he  due  to  a  cang>resslon  In  the  harrier  sheath  at  the  collector 
surface.  A  second  posslhlUty  Is  that  the  collector  Itself  was  not  optimized 
to  penult  proper  cesium  coverage  and  maximum  output  voltage.  ^Ihe  amount  of  the 
discrepancy  Is  slight  and  the  data  very  limited.  It  Is  therefore  felt  that  no 
sound  conclusions  can  he  drawn  at  this  point. 

Maximum  ohtalnahle  efficiency  with  the  cubical  cavity  generator  Is  developed  hy 
plotting  peak  efficiency  from  various  tests  against  the  related  emitter  tempera¬ 
ture  In  Figure  3*1*3^*  ISie  crosses  and  dots  represent  data  taken  with  the 
cubical  cavity  generator.  Hie  solid  line  Is  taken  from  the  efficiency  curve 
generated  hy  the  data  from  the  200>^tt  generators.  The  distinction  made 
between  the  data  represented  with  the  crosses  and  dots  Is  that  the  cross  data 
vas  obtained  with  the  generator  optimized  at  about  5  volts,  as  conpared  with  a 
more  Ideal  3  to  3.3  volts  for  the  dots.  This  Illustrates  the  advantage  of 
optimizing  the  generator  at  something  less  than  Its  design  value,  with  a 
corresponding  increaise  In  perfonnance  at  lover  Input  power  levels  or  lower 
emitter  tenperature. 

The  signflcance  of  the  efficiency  plot  shown  here  Is  that  it  Indicates  very 
strongly  that  both  generator  configurations  will  he  equally  efficient  for  a 
given  emitter  or  cavity  teoperature.  Therefore,  it  might  he  that  the  same  power 
output  could  he  expected  for  a  given  aolar  energy  input  In  a  system  application. 
This,  of  course,  assumes  the  effective  emitter  areu  are  similar  and  the  cavl'^ 
abaorher  efficiency  will  he  Identical  for  each  generator.  If  this  is  the  ease, 
then  the  eilblcal  cavity  generator  will  have  a  decided  advantage  in  a  systems 
application  because  of  Its  inherent  hltfier  voltage  output  and  lesser  I^  losses. 
Also,  the  hl|#ier  voltage  generator  may  have  additional  advantages  due  to  the  fact 
that  in  a  system  It  Is  likely  several  generators  would  be  operated  in  parallel 
for  higdker  reliability.  Mlth  the  single  converter  generator.  It  Is  mandatary 
that  all  systma  modules  he  series-cooneeted  to  obtain  hiffikar  voltage  and  system 
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OPTIMUM  CONVERTS  VOLTAGE 
VaSUS  EMIHER  TEMPERATURE 


EMITTER  TEMPERATUREr  *K 
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EMITTER  TEMPERATURE  •K 


Tbe  culslcal  cavity  generator  did  not  attain  the  maximum  efficiency  of  12  to 
13«6  percent  reported  for  the  200-vatt  generators,  hut  It  has  developed  ec(q)arahle 
efficiencies  based  on  emitter  tesgterature.  It  appears  that  It  Is  quite  reasonable 
to  expect  Improvements  in  performance  equal  to  or  In  excess  of  those  reported  for 
the  2CX)-watt  converters  at  hlj^r  Input  power  levels  and  emitter  teiq>eratures. 

The  testing  carried  out  with  the  cubical  cavity  generator  was  Intentionally 
limited  to  Insure  Its  survival  for  a  svibsequent  solar  test  without  necessitating 
e^^enslve  repair  or  rebuilding.  The  data  taken  at  more  modest  power  Inputs  Is 
sufficient  for  con^arlson  with  the  200-watt  converters  and  at  the  same  time 
provides  data  which  It  Is  hoped  will  be  capable  to  the  solar  test  data. 

In  order  to  permit  a  valid  comparison  of  the  200-watt  and  cubical  cavity 
generators,  It  Is  necessary  to  make  a  calculation  of  corrected  obtadnable 
efficiency.  IMs  calculation  Is  carried  out  to  penalt  a  separation  of  the  losses 
associated  with  the  electron  bombardment  heating  assenOily.  This  includes  only 
heat  lost  in  the  gun  assenibly  by  radiation  and  In  the  I^  and  thezmal  conduction 
losses  associated  with  the  heater  lead  lines.  Since  a  similar  calculation  was 
carried  out  for  the  200-watt  converters.  It  will  then  be  possible  to  wel^  tbe 
performance  of  the  two  generators  exclusive  of  any  losses  peculiar  to  the 
laboratory  test  set  up  and  not  Inhement  In  the  generator  assenibly.  The  cavity 
absorbers  would  In  each  generator  contribute  additional  losses  in  a  solar  systems 
application.  Because  these  losses  would  be  nearly  IdentlceJ.  for  a  given  solar 
concentrator,  which  would  fix  the  power  level  and  aperture  size.  It  Is  possible 
to  evaluate  the  generators  on  the  basis  of  Intrinsic  efficiency  alone  for  any 
given  emitter  tenq)erature. 

A  cooparlson  of  the  corrected  efficiency  for  each  generator  type  dbows  almost 
Identical  performance.  Maximum  efficiency  obtainable  Is  plotted  in  Figure  3»1*35* 

Parametric  Perfoiasnce  Characteristics 

Ihe  multiconverter  generator  assenibly  does  not  lend  Itself  well  to  a  study  of 
Individual  converter  characteristics.  It  Is  not  possible  to  Insure  that  all 
emitters  are  at  the  exact  same  tenqperature  nor  that  sdl  converters  are  optimized 
at  the  same  point.  It  Is  likewise  impossible  to  say  that  elsetrode  spacing  Is 
.CX)20  Inches  in  all  cases.  Recognizing  that  there  are  some  variations  In  the 
operating  conditions  attributed  to  the  converters,  and  In  the  Inherent  perfozaanoe 
characteristics  of  the  five  converters,  a  te^Bolque  using  average  values  and  near 
optim»  conditions  (as  can  best  be  determined)  Is  eiqiloyed  to  generate  a  parametric 
perfoxnance  curve. 
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MAXIMUM  OBTAINABLE  EFFICIENCY  WITH 
STATE-OF-THE-ART  CONVERTERS 
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"aving  learned  that  cptiraura  perforaar.ee  occurs  at  about  3  volts,  a  set  of  four 
curves  tahen  during  test  'l3  is  used  to  develop  the  parametric  cur/es.  The 
preparation  of  this  par-a-netric  data  is  greatly  simplified  in  this  test  series 
because  of  the  point  by  point  technique  for  obtaining  data  at  constant  power 
input  and  temperature. 

Using  current  as  the  abscissa  and  emitter  temperature  as  the  ordinate,  voltage 
is  plotted  as  a  para.meter.  This  plot  is  shown  as  Figure  3'1‘36.  There  is 
reason  to  believe  from  the  shapw  of  the  curves  at  the  higher  temperature  and 
voltage  that  the  original  data  tauten  was  not  acquired  under  truly  qptimuza 
conditions.  If  this  is  not  the  ease,  then  the  difference  between  the  shape  of 
these  curves  and  those  shown  for  the  cylindrical  generator  must  be  attributed 
to  the  charge  in  spacing. 

Special  Test  Results 

The  various  types  of  loads  specified  In  the  contract  work  statement  were  applied 
to  the  cubical  cavity  generator.  These  loads  include  the  application  of  resis¬ 
tive,  inductive,  solenoid,  motor  D''-DC  converter,  and  inverter  loads.  Also, 
several  of  the  loads  were  operated  with  the  generator  placed  in  series  with, or 
in  parallel  with^an  automotive  battery. 

In  no  Instance  was  any  unfavorable  response  noted  in  the  generator.  Loads  of 
any  type, when  properly  matched  to  the  generator>wlll  result  in  performance  and 
response  Identical  to  that  experienced  with  simple  resistive  loads.  The  generator, 
idxen  properly  matched  with  a  battery  In  either  series  or  parallel  connection,  will 
function  normally.  In  series  operation,  a  generator  and  battery  aid  each  other 
according  to  their  current  and  voltage  characteristics.  Paredlel  operation  is 
equally  dependent  on  these  characteristics  in  obtaining  a  division  of  load  power. 

Conclusions 

Much  has  been  learned  about  the  performance  capability  of  thermionic  generators 
from  the  tests  carried  out  in  this  program.  Sarlier  in  the  program  it  had  been 
established  that  the  vacuum  close  spaced  converters  were  not  competitive  with 
cesium  vapor  types  from  a  structural  reliability,  or  perforaaMe  standpoint. 

To  nmke  the  program  more  meaningful, the  efforts  had  been  redirected  from  carrying 
out  a  caaqmrative  evaluation  of  the  vaeuw  and  the  cesliae  vapor  type  converters 
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to  a  caiq>arl8on  of  two  promising  cesium  ccnverter  coofiguratiaiis.  To  tbs 
test  evaluations  directly  applicable  to  the  development  of  a  useful  power¬ 
generating  system,  the  configurations  were  realistically  sized  and  designed  for 
heating  with  a  precision  solar  concentrator.  The  designs  were  further  restricted 
by  specifying  that  the  systems  application  would  be  that  of  providing  power  for 
a  space  vehicle  operating  in  a  35“55  minute  shade-sun  orbit.  Beused  on  these 
objectives  two  generators  were  developed.  The  first  design  concept  utilizes 
a  cylindrical  configuration,  with  the  emitter  in  the  form  of  a  closed  cylinder, 
the  collector  conqpletely  enclosing  the  cylinder  walls,  and  only  a  small  annular 
cesium  gap  between  the  two.  For  solar  q;>eratlon,  one  end  of  the  cylinder 
assenibly  is  closed  off  with  a  thin  tantalum  menibrane  to  contain  the  cesium 
vapor  while  at  tbs  same  time  permitting  solar  flux  access  to  the  cylinder  cavity 
abosrber.  llie  second  geoamtxy  uses  five  smaller  convex*ters  arranged  to  form  a 
cavity  absorber  for  concentrated  solar  exiergy  with  the  back  side  of  the  oaltter 
faces.  In  the  second  assembly  each  c^verter  is  self-contained  with  its  own 
cesiun  reservoir.  With  small  changes,  both  generators  could  be  Incorporated  in 
a  solar  module  and  used  as  part  of  a  system. 

Ihe  tests  carried  out  on  the  two  configurations  have  shown  that  each  Is  capable 
of  producing  sizable  power  outputs  of  from  100  to  200  watts.  Ih  both  eases  the 
limitations  Inposed  by  the  electron  bonbardment  heating  equipment  made  It  some¬ 
what  difficult  to  e^loit  the  full  capability  of  the  generators.  OSie  technique 
enployed  did  however  demonstrate  that  both  configurations  are  responsive  and  are 
capable  of  generating  power  under  various  conditions,  including  many  types  of 
loads  and  cesium  pressures  and  at  different  input  power  levels.  Ihe  actual 
perfonnance  chazacterlstics  obtained  were  nearly  identical  when  related  to  a 
given  emitter  tesperature.  Ihe  small  variations  which  were  noted  can  be 
attributed  to  the  reduction  in  spacing  between  the  emitter  and  collector  in  the 
second  c\d>ical  cavity  assenbly.  No  Insurmountable  difficulties  have  been  eiqperl- 
enced  with  either  generator.  All  types  of  resistive,  motor,  inductive.  Inverter, 
and  converter  loads  were  easily  aiccepted  by  the  generators.  iQie  dynamic  response 
to  step  changes  Is  cJmost  Instantaneous  and,  except  for  problems  associated  with 
the  baid>ardment  heating  techniques,  no  problems  were  encountered.  13ie  thermal 
response  of  the  generators  is,  of  course,  related  to  the  size  and  mass  of  the 
individual  units  and  the  given  system  req[ulrements.  Vlth  the  generators  tested 
it  appears  there  would  be  only  a  small  percentage  of  power  output  lost  due  to 


the  varm-VQ>  eharacterlsties  In  an  orbital  application.  To  Insure  long  life  the 
generators  should  normally  be  protected  for  sudden  and  total  loss  of  load  which 
will  cause  high  emitter  teng>eratures  and  thermal  stresses. 

nie  200-watt  cylindrical  geometry  converters  have  produced  more  power  and  hic^r 
over-sdl  efficiencies  of  over  200  watts  and  13.6^  as  eonqpared  to  122  watts  and 
7*6^  for  the  cubical  cavity  generator.  IMs  does  not  indicate  a  superiority  on 
the  part  of  the  cylindrical  geometry  however.  When  the  two  200-vatt  converters 
were  operated  in  series  the  maximum  output  power  was  310  watts.  Ibe  efficiency 
was  With  the  data  taken  from  both  generators  eooipeured  on  the  basis  of 

emitter  togwraturej  it  is  found  that  only  a  few  tenths  of  a  percent  difference 
in  perfoimance  exists,  {kod.  when  the  losses  associated  with  the  cavi-^  absorbers 
are  taken  into  account^  it  may  even  be  possible  the  cubical  cavity  generator  will 
show  a  marked  superiority. )  Very  sisable  losses  are  certain  to  be  associated 
with  the  sugqport  membrane  required  to  hold  the  emitter  in  place  and  retain  the 
cesium  in  the  cylindrical  asseobly.  Further,  it  is  shown  that  an  Improvement 
in  perfoimance  is  attained  with  the  cubical  cavl^  converters  due  to  the  ability 
to  reduce  Interelectixide  spacing,  ^le  actual  watt  density  is  shown  to  be  twice 
that  of  the  cylindrical  geometry  at  a  given  toqperature.  In  summary,  it  is 
stated  that  the  apparent  superiority  shown  by  the  cylindrical  geometry  is  due 
only  to  its  having  been  operated  at  hl^r  temperatures  with  a  correspondingly 
greater  efficiency,  and  due  to  an  improved  loss  picture  which  is  associated 
solely  with  the  electron  bombeurdment  heating  arrangement.  Discounting  these  two 
factors,  the  generators  are  equally  efficient,  with  perhaps  the  greatest 
opportunity  for  Improvement  lying  with  the  small  planer  converter  configuration 
used  in  the  c\A)ical  cavl'^  generator. 

In  several  other  respects  the  c\d9ical  cavity  generator  is  more  satisfactory. 

From  a  rellahlll^  standpoint  the  smaller  converters  used  in  the  cuibical  cavity 
generator  are  better.  Converters  of  this  and  similar  designs  have  shown  a  toler¬ 
ance  to  hundreds  of  hours  of  operation  and  cyclic  tests.  The  200-watt  converters 
were  each  rebuilt  during  the  test  program  to  i>ezmlt  the  coiig>leti(ai  of  the  tests 
required  over  a  period  of  only  UO  hours.  Ihe  cubical  cavl'^  generator  had  had 
over  72  hours  of  testing  plus  the  hours  accumulated  on  individual  converters  prior 
to  assoBbly  with  no  loss  or  reduction  of  output.  The  principal  areas  which  cur¬ 
rently  limit  life  expectancy  are  the  alumina  secda  and  the  thin  tantalum  emitter  support 
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sectlOQS.  The  Improveiaent  In  the  seal  assenhly  In  the  cubical  cavity  converters 
Is  largely  responsible  for  Its  longer  life.  Ihe  susceptibility  of  the  thin 
tantalum  support  sections  to  carburization  and  cracking  Is  equally  present  In 
both  units  although  soetewhat  less  severe  In  the  larger  aaseobly  uhlch  can  toler¬ 
ate  a  heavier  wall  section.  Hlc^  purity  metals  and  clean  hard  vacuums  will 
eliminate  this  area  as  a  source  of  failure. 

Ihe  higher  voltage  output  of  the  multiconverter  generator  may  also  be  advanta¬ 
geous  In  systems  applications  requiring  modest  power  output.  The  cylindrical 
converters  must  be  series-connected  to  produce  higher  voltages.  iMs  requires 
a  larger  nuii(ber  of  concentrators  than  would  be  needed  If  -the  multlconverter 
configuration  Is  used.  It  Is  recognized  that  this  need  not  always  be  true  but 
generally  It  Is  more  efficient  to  work  with  hl^r  voltages  and  less  currents. 
Ihls  Is  particularly  true  If  a  DC*4X:  converter  Is  to  be  eiqployed  in  the  system. 

The  shape  and  size  of  the  smaller  con-verters  also  lends  Itself  to  mass  produc¬ 
tion  and  asseuhly  Into  a  nwiber  of  alternate  generator  configurations  with  more 
or  fewer  converters.  Also,  the  geome-try  Is  such  as  to  permit  close  control 
over  spacing,  a  factor  which  will  probably  contribute  more  than  anything  else 
to  hqprovement  In  perfonaance. 

It  Is  recosmended  that  the  multiconverter  assenhly  be  the  stibject  of  further 
de-velopment  and  isgirovement  for  incorporation  Into  aerospace  systems.  Additional 
tests  of  indl-vldual  con-verters  t?  further  explore  performance  charutexistlcs 
and  the  effects  of  changing  spacing  ax^  materials  should  be  undertaken.  Testing 
of  the  oosqpleted  generators  at  higher  power  and  temperatures  with  Improvements  in 
instrusentatlon  and  access  to  all  pertin«it  teiqperature  points  Is  very  desirable 
to  substantiate  the  findings  of  this  report.  Additional  efforts  to  ijqprove 
cavity  geometzy  and  absozher  efficiency  will  also  contribute  greatly  towards  the 
development  of  a  spaee*^rtby  system.  Bedimtloas  in  radiator  size  and  wel^t  and 
the  development  of  suitable  automatic  cesiw  reservoir  temperature  controls  and 
flux  or  emitter  teiqperature  controls  will  be  neeessazy  for  a  proto^Tpo  system. 
Developments  in  these  areas,  combined  with  improvements  in  fabrication  and 
assesbly  tedsilques  and  the  selective  assembly  of  matched  converters  into 
generator  clusters,  can  be  exacted  to  yield  generators  capable  of  efficiencies 
above  "13$  for  solar  applications. 
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?.2  Solar  Receivers 


A  solar  receiver  aay  be  classified  as  either  a  flat  plate  type  or  a  cavity 
type.  lAie  function  of  the  receiver,  placed  at  the  focal  point  of  a  solar 
concentrator.  Is  to  absorb  a  large  fraction  of  the  energy  Incident  upon  It 
and  to  Unit  the  aaount  of  energy  reradlated  so  that  the  net  useable  thermal 
energy  Is  a  maximum.  The  receiver  may  be  either  a  flat  plate  selective 
absorber  or  a  black  body  cavity. 

Advancement  of  the  state-of-the-art  of  selective  absorbers  has  been  limited 
to  absorbers  vhlch  are  considerably  belov  thermionic  converter  operating 
teiq^ratures.  nie  choice  of  materials  for  use  at  the  anticipated  operating 
teaperatures  Is  very  United.  None  of  the  high  tesqperature  materials  has 
proadslng  properties  as  a  selective  surface  absorber.  The  use  of  cover  glasses 
does  not  appear  promising  because:  (l)  the  Increase  In  efficiency  Is  marginal 
and  (2)  the  glass  nay  becosw  coated  with  metal  evaporated  from  the  receiver 
surface. 


The  state-of-the-art  of  cavity  receivers  has  barely  begun  to  advance.  Some 
experimental  anl  theoretical  Investigations  have  been  conducted  to  determine 
the  effective  emlsslvlty  of  the  slaplest  cavity  geoswtrles.  However,  inves¬ 
tigations  of  the  more  Important  prc^rty,  solar  absorptance,  have  been  very 
few.  The  Investigations  which  have  been  made  have  been  theoretical  and  have 
required  gross  assvsqitlons  as  to  the  specularity  of  the  interior  walls  of  the 
cavity. 


The  need  for  a  receiver  of  the  cavity  type  for  solar  thermionic  systras  In 
order  to  obtain  hl^  overall  system  efficiencies  Is  clearly  Illustrated  In  the 
following  consideration.  Receiver  efficiency  aay  be  defined  as  the  ratio  of 
the  power  retained  by  the  receiver  to  the  power  Incident  iq>on  the  receiver. 

The  Incident  power  Is: 


tae 


(9) 


where: 


q  >  solar  flux  Incident  on  the  concentrator 

>  area  of  the  concentrator 
o 

N  «  concentrator  efficiimcjr 
c 
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The  pover  absorbed  by  the  receiver  Is: 

P-v-  «  ^  q  A  N 
abs  '  e  c 


(10) 


where :  W  •  receiver  absorptivity 


■nie  reradlated  power  is: 


‘"r.r  ■ 


(U) 


where:  A  ■  receiver  area 

T 


receiver  enissivlty 
Stephan-Boltzman  radiation  consteuit 
receiver  teoperature 


Receiver  efficiency  is  then:  N 


P  ^  P 
abs  -  rer 

P. 

Inc 


(12) 


A  /a  is  the  area  concentration  ratio,  C 
c  r  'a 


(13) 


Then, 


N 

T 


qCaNc 


(IM 


Therefore,  the  receiver  efficiency  is  a  linear  function  of  the  paraaeter 
crTVq  0^  for  any  particular  aaterlal  with  a  constant  absorptivity  and 
enissivlty,  as  shown  in  Figure  3.2.1.  The  curve  intersects  the  black  body 
( ^  -  1)  efficiency  curve  at  an  efficiency  of  •  £  f  1  •  C^whlch  corres¬ 
ponds  to  0*  iVq  ^  ~^l  1  ■*  C  •  This  neans  that  the  black  body 

receiver  is  preferable  if  efficiencies  greater  than  (^-f)/(l-£)  are 
desired.  Purthemore,  for  a  black  body  receiver  to  be  advantageous, 

£*■  tV  ^  l-^f'/l-C,  i.e.,  the  area  concentration  ratio  nust  be 

at  least(l  -£*  /  1  - 
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For  exanple,  In  Figure  3-2.2,  the  curves  for  a  black  body  and  a  tantalum 
receiver  are  plotted  for  T  ■  2000°K,  q  ■  .l40  w/sq.  cm,  N  -  0.9*  For 
tantalum  at  2000  K,  ^  -  .37>  “  .2yf.  A  black  body  receiver  Is  preferred 

If  a  receiver  efficiency  greater  than  17*^^  Is  desired.  The  selective  absorber 
is  advantageous  only  for  area  concentration  ratios  less  than  87O,  whereas  the 
cavity  receiver  used  with  properly  sized  apertures  •^nd  high  precision  concen* 
tratlon  can  provide  receiver  efficiencies  suitable  for  thermionic  systems. 


75 


I 


3>2.1  aSienaiasilc  Generator  Cavl^  Abaox^ere 
General  Conaideratloas 

The  absorptive  and  eailsslve  characteristics  of  cavity  absorbers  are  dependent 
on  the  following  factors: 

1.  Wall-to-Aperture  Area  Ratio 

2.  Absorber  Gecaetry 

3<  Wall  Materials  and  Surface  Finishes 

4.  Ten^rature  of  Walls 
Concentrator  Paraaeters 

A  clear  understaxxllng  of  the  effect  of  these  factors  Is  necessary  In  order  to 
desl0i,  fabricate,  axkd  test  solar  thenslonle  generators.  A  general  discussion 
of  these  factors  follows. 

1.  w«ni-fc<w4perture  Area  Ratio 

Heat  flux  at  the  wall  Is  prlnarlly  deteznlned  by  the  thexnlonlc 
converter  requlrenents,  while  the  heat  flux  at  the  aperture  Is 
prlaarlly  detezvlned  by  the  solar  Intensity  and  various 
attenuation  factors  such  as  reflectivity  of  the  reflector, 
vignetting,  etc.  Since  the  therslonle  converter  require- 
■ents  can  be  expected  to  roudn  relatively  fixed  and  the 
attenuation  factors  are  constant  for  all  space  applications, 
the  wall-to-eperture  area  ratio  can  be  e:qpeeted  to  reaaln 
essentially  the  sane  for  all  space  id.sslons.  Atsoq^rlc 
attenuation,  however,  has  a  drastic  effect  on  this  ratio. 
Iherefore,  the  geoaetxy  a»st  aultahle  for  ground  operation 
will  differ  froB  the  best  geonatry  for  space.  Since  all 
of  the  useful  applications  contemplated  for  the  solar 
thexBlonle  generator  are  for  space.  It  aust  be  recocpolzed 
that  SOBS  coaproBlses  Bust  be  accepted  In  the  design  for 
grovBd  test  If  both  efficiency  and  ground-to-space  perfozB- 
ance  correlation  are  to  be  design  and  test  objectives. 
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Let 


Ac  «  converter  emitter  area  >  vail  area 
*  aperture  area 

0c  «  heat  flux  required  by  the  converters 
0  s  average  heat  flux  entering  aperture 
0r  =  average  heat  flux  reradlated  throuc^ 
aperture 

^  s  cavity  absorptivity. 

The  basic  heat  balance  equation  may  be  written: 

<*^1*.  -  *r'>-  (W) 

The  cavity  vall-to-aperture  area  ratio  is  then: 


It  may  be  argued  that  there  are  certain  faetora  present  only 
In  space  which  tend  to  decrease  the  aperture  flux  and  thereby 
condensate  for  this  Inconsistency.  Ihese  factors  are  geometric 
Inaccuracies  associated  with  Ughtwel^t  concentrators  and 
orientation  errors  associated  with  space  vehicles.  While 
there  is  some  logic  to  this  argument,  the  fact  remains  that 
the  effect  of  these  factors  on  generator  performance  cannot 
be  evaluated  by  ground  test  when  successful  operation  depends 
on  their  being  eliminated.  Furthermore,  it  cannot  be  assumed 
that  the  heat  distrlbutiim  in  the  absorber  will  be  the  same 
when  the  intensi'^  is  increased  by  increasing  the  concaitrator 
precision. 

Because  of  the  above  consideration,  absoxber  studies 
be  concentrated  on  absorbers  having  the  wall-to-apertore  area 
ratio  e:qpeeted  to  be  used  in  a  space  generator.  The  flux 
level  will  be  lower  than  that  expected  in  space,  requiring 
the  use  of  correction  factors  to  determine  the  performance 

77 


I 


In  space,  llils  approach  Is  considered  to  be  the  most  accurate 
one,  since  absorption  can  be  expressed  as  a  fixed  fraction  of 
the  Incident  energy  and  emission  can  be  expressed  as  a  proportion 
of  the  fourth  power  of  temperature  with  a  minimum  error. 

2.  Absorber  Geometry 

Ideally,  each  and  every  thermionic  converter  In  the  absorber 
cavity  should  have  the  same  "view"  of  the  solar  Image.  Each 
converter  will  then  receive  an  equal  amount  of  solar  radiation. 

Also,  the  absorber  walls  should  consist  ccmpletely  of  surfaces 
which  are  eomnected  to  the  thermionic  emitter  surfaces  by  a 
good  thermal  conductor. 

These  two  design  objectives  are  not  readily  achieved  In  a 
single  design.  The  first  objective  msy  be  met  by  locating 
the  converters  In  a  ring  about  the  absorber  axis.  This, 
however,  will  leave  an  unfilled  space  In  the  bottom  of  the 
absorber.  This  space  may  be  (l)  filled  with  an  additional 
converter,  (2)  filled  with  a  reflective  plug,  or  (3)  closed 
by  extending  the  absorber  wall  surfaces. 

Filling  the  space  with  an  additional  converter  requires  that 
steps  be  taken  to  Insure  that  the  extra  converter  receives  Its 
proportionate  sheure  of  solar  energy. 

The  cubical  cavity  generator  described  In  Section  3.1.2  Is  a 
design  of  this  type.  In  order  to  establish  what  power 
distribution  exists  within  the  cubical  cavl^  absorber, 
solar  tests  were  conducted  using  a  mock  cavity  calorimeter, 
consisting  of  five  Individual  power  abosrblng  devices 
which  closely  simulate  the  thermal  charsicterlstles  of  the 
thermionic  converters  used  In  the  cubical  cavity  generator. 
Evaluation  of  test  results  of  the  mock  cavity  (and 
subsequently  of  the  generator  Itself)  show  a  non-uniform 
power  distribution  between  the  side  absorbers  and  the 
bottom  absorber.  Table  3*2.1  shows  the  power  distribution 
measured  between  absorber  sides  S^,  Sg,  S^,  Sj^  and  the  bottom 
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TABLE  3.2.1 


POWER  DISTRIBUTION  CALORIMETER  TEST  DATA 
FOR  CUBICAL  CAVITY  CONFIGURATION 


Calorimeter 


Unit  # 


B 

S, 


Total  Power  (Watts): 
Solar  Constant  (w/ft^): 
Aperture: 


.  (°C) 

V  '°c) 

Power  Absorbed 

1025 

745 

94.0 

1025 

685 

111.0 

9U0 

665 

90.5 

1035 

720 

102.0 

1035 

750 

_2L0 

494.5 

71.2 

(5/8"  Dla.ln 
Focal  Plane) 

Baseplate  Temp  (°F): 


•  76.0 


Run  Time  (Min.): 


27.0 


19 


absorber  B  during  a  typical  test  run.  The  bottosi  ealorloeter 
absorbed  less  power. 

Dusrlng  the  solar  test  of  the  generator  the  bottom  converter 
produced  less  power  output  than  the  side  converters.  IMs 
again  Indicated  a  maldistribution  of  power  within  the  cavity. 

Filling  the  bottom  of  the  cavity  with  a  reflective  plug  will 
cause  an  additional  thermal  loss  In  the  generator.  The  energy 
absorbed  by  the  plug  will  raise  Its  temperature  to  a  level 
higher  than  the  surrounding  absorbers.  Some  of  the  heat  absorbed 
by  the  plug  will  leak  through  Its  back  side  Insulation  and 
stqiports,  some  will  be  radiated  through  the  aperture,  and  a 
small  portion  wlU  be  radiated  to  the  surrounding  absorbers. 
n>e  design  of  this  plug  must  be  verified  by  test. 

Closing  the  space  at  the  bottom  of  the  cavity  by  extending  the 
absorber  wall  surfaces  to  meet  the  absorber  axis  presents  some 
difficulty  from  an  arrangement  standpoint,  but  this  Is  not 
serious.  The  chief  difficulties  are  the  prevention  of  heat 
leaks  from  the  extended  surface  and  the  conduction  of  heat 
to  the  emitter  surface  with  a  reuonable  temperature  gradient. 
Assupdng  these  problems  can  be  solved,  the  advantages  of  a 
symmentrlcal  configuration  which  Insures  uniform  power 
distribution  and  a  more  efficient  cavity  absorber  geosmtxy  makes 
this  configuration  preferable  In  future  designs. 

Within  the  confines  of  mdl-to-aperture  area  ratio  limitations 
and  the  limitations  l]q>osed  by  the  above  arrangement  considera¬ 
tions,  there  exist  many  possible  absorber  geometries.  Prom 
an  absorber  standpoint,  the  most  slgolflcant  property  Is  Its 
absorptlvl^.  The  absorptivity  of  the  cavity  Is  that  fraction 
of  the  energy  entering  which  Is  not  reflected  back  out  of  the 
cavity.  It  Is  Important  therefore  that  the  geometry  be  such  that 
the  first  few  specular  reflections  are  confined  within  the  cavity. 
This  task  Is  made  difficult  by  the  wide  variation  of  Incoming  rays. 
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3*  Wall  Materials  and  Surface  Finishes 

Since  absorptivity  Is  the  most  Inportsnt  property  of  the  absorber > 
the  vails  of  the  absorber  should  have  as  high  an  absorptivity 
as  practical.  Unused  portions  of  the  cavity  such  as  the  aperture 
plate  and  the  reflective  plug  should  have  as  lov  an  absorptivity 
as  possible  In  order  to  minimize  heat  leaks. 

^niere  are  limits  to  which  the  vail  absorptivity  can  be  Increased 
by  the  choice  of  vail  material.  This  Is  true  chiefly  because 
the  choice  of  vail  materials  Is  limited  to  the  refractory  metals. 
However,  the  vail  surface  can  be  grooved  or  roughened  by  grlt- 
blastlng  In  order  to  Increase  the  number  of  reflections  at  the 
surface  and  thereby  Increase  the  absorptivity.  13ie  effect  these 
steps  have  on  the  flux  distribution  In  the  cavl'ty  and  the  overall 
performance  of  the  generator  can  be  only  approximated  and  should 
be  verified  by  test. 

Uhused  surfaces  In  the  cavity  should  be  made  as  reflective  as 
possible. 

The  fraction  of  the  Incident  energy  absorbed  by  these  surfaces 
can  be  utilized  only  by  radiative  heat  transfer  from  them  to 
the  thermionic  converters.  In  order  to  effect  such  a  transfer, 
these  surfaces  must  reach  a  teaqperature  hlc^r  than  the  con¬ 
verter  temperature.  These  surfaces,  however,  cannot  be 
e^.lowed  to  reach  a  temperature  where  material  evaporation 
beccnes  a  problem. 

4.  Wall  Tqnperature 

nie  tenperature  of  the  cavity  vails  Is  Important  In  the  design 
of  the  generator  In  that  thezml  radlatlra  from  the  cavity 
constitutes  a  msijor  generator  loss.  The  tnperature  differential 
required  to  conduct  heat  from  the  solar  absorber  surface  to  the 
thenslonlc  msltter  surface  increases  the  absorber  temperature 
and  raises  the  cavity  radiation  loss.  It  is  loportant  therefore 
to  minimise  the  length  of  this  conduction  path.  This  considera¬ 
tion  Is  especleJLly  inportant  In  systemus  utilising  theraal  energy 
storage. 
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It  16  also  In^rtant  that  the  temperature  of  the  absorbing 
portions  of  the  vails  be  uniform.  Local  overheating  will 
Increase  heat  losses  and  shorten  the  life  of  the  thermionic 
converters.  Local  underheating  will  reduce  the  output  of  the 
generator  because  of  its  effect  on  the  thermionic  conversion 
process. 

5.  Concentrator  Parameters 

llie  chief  concentrator  parameter  affecting  cavity  absorption 
characteristics  Is  the  rim  angle.  High  rim  angles  direct  more 
energy  to  the  cavity  side  walls  and  less  to  the  bottom  of  the 
cavity.  Itae  more  oblique  rays  also  have  less  tendency  to  be 
reflected  back  through  the  cavity  aperture.  In  general,  the 
high  rim  angles  are  to  be  preferred  as  long  sis  they  sure  not 
so  high  as  to  siffeet  the  performance  by  requiring  an  excessively 
large  cavity  aperture. 

Using  an  oversize  concentrator  to  cosopensate  for  the  attenuation 
factors  associated  with  ground  testing  will  Increase  the  solar 
Image  size  and  vlll  have  an  effect  on  the  distribution  of  energy 
within  the  cavity  as  caBq>ared  to  a  space- si zed  concentrator. 

The  effect  will  be  to  direct  more  energy  to  the  side  walls 
and  less  energy  to  the  bottom  face  of  the  cavity.  Reradlatloi. 
losses  will  also  be  disproportionately  Isurge  with  an  oversize 
concentrator. 

Basis  for  Selection  of  Generator  Coocoent  Materials 

The  design  of  a  thennlonlc  generator  absorber  req[ulres  a  knowledge  of  various 

hlgh^eaqwrature  pzMpertles  of  materials  proposed  for  use  In  the  construction. 

The  properties  of  Interest  may  be  categorized  as  follows: 

1.  QptlecJ. 

Absorptivity 

Bslsslvlty 

Specularity 
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2.  Thexnal 

Specific  Heat 

Conductivity 

Expansion 

3.  Structural 

Strength 

Density 

Dimensional  Stability 

4.  Chanlcal 

Vaporization 

Coaqpatlblllty 

1.  Optical  Rroperties 

To  achieve  maximum  absorber  performance,  the  absorbing  surfaces  in  the  cavity 
should  have  as  high  a  solar  absorptivity  as  possible,  and  the  reflecting  surface 
should  have  as  lov  an  absorptivity  as  possible.  Because  of  the  sceurclty  of 
applicable  absozptivity  data  and  the  strong  dependence  of  this  property  on  the 
method  of  fabrication,  tests  must  be  made  to  properly  evaluate  various  materials. 

Toted  emisslvlty  is  also  an  important  factor  affecting  absorber  performance. 

This  data  is  similarly  scarce  and  dependent  on  fabrication  methods. 

Solar  absorptivity  and  toted  emlsslvity  of  materials  and  surface  finishes  being 
considered  for  use  in  the  thermionic  generator  can  be  determined  by  test  in  em 
arc-imaging  furnace.  The  spectrum  from  the  eirc-lmaging  furnace  simulates  the 
solar  spectrum  very  closely  and  edlows  soleur  absorptivity  to  be  determined 
directly  by  sinple  heat  balance  methods.  ISds  eliminates  the  xieed  for  mono¬ 
chromatic  absorptivity  determinations  which  must  be  subsequently  integrated 
over  the  solar  spectrum.  Total  emisslvlty  can  also  be  determined  during  these 
tests. 

Surface  specxdarity  is  the  extent  to  which  solar  energy  incident  on  a  surface 
is  specularly  reflected.  There  is  no  quantitative  measure  of  specularity 
per  se,  but  the  reflected  energy  may  be  roughly  divided  into  a  speeulsu* 
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reflection,  a  flare  reflection  (xiearly  specular),  and  a  diffuse  reflection. 

ScBie  knowledge  of  this  division  is  necessary  to  appraise  the  optical  analysis 
of  an  absorher  cavity.  Since  the  division  Is  chiefly  a  function  of  microscopic 
surface  geonetry,  observations  at  room  teoperatture  with  an  Integrating  sphere 
reflectometer  using  vhlte  light  will  provide  sufficient  Infonnatlon  for  the 
design  of  a  generator  cavity. 

2.  Thermal  Properties 

The  thermal  properties  of  most  materleds  being  considered  are  available 
from  the  literature.  They  are  not  very  dependent  on  the  method  of  fabrication, 
with  the  possible  exception  of  the  refractories.  Where  refractorels  are  to  be 
used  In  the  generator,  they  be  tested  to  determine  their  thermal  shock 
resistance  before  being  accepted  in  a  design.  This  property  Is  a  eowbl nation 
of  other  thermal  parameters  for  this  type  of  materlcJ.. 

Tbe  selection  of  materials  to  be  used  In  construction  of  thermionic  converters 
and  generators  Is  generally  based  on  properties  other  than  thermal  properties. 
However,  the  specific  converter  or  generator  performance  characteristics  desired 
for  a  given  application  will  dictate  the  thermal  properties  of  the  construction 
materials. 

3.  Structural  Properties 

The  structural  properties  of  Importance  in  the  thermionic  generator  are  high 
tenperature  strength,  dlaenslonail  stability,  and  Impermeability  to  ceslvm. 
Suitable  materials  have  been  selected  and  proven  during  thermionic  converter 
development  to  date.  Any  new  materials  will  be  required  to  equal  or  excel 
present  standards. 

k.  Chesilcal  Properties 

Probably  the  most  critical  materials  properties  for  thermionic  generators  are 
ccq>atlblllty  and  evaporation.  The  materials  containing  cesium  must  be 
coi^tible  with  It.  evaporation  of  materials  In  a  space  environment  will  Unit 
the  life  of  the  generator  and  could  also  cause  a  degeneration  of  performance  by 
coating  electrical  Insulators  or  the  reflective  surface  of  the  concentrator. 

The  refractory  metals  have  demonstrated  their  sxdtablUty  In  these  respects. 
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3*2.2  Cavity  Absorl)er  Analyis 
Introduction 

Several  cavity  absorber  analyses  have  been  aads  for  solar-povered  tbendonic 
systeos  using  higl^preclslon  solar  concentrators.  Ihe  analyses  were  nade  for 
cavity  absorber  receivers  having  the  following  gsonetrle  shapes:  (l)  Cube, 

(2)  Rl^t  Square  Prism,  and  (3)  Ric^t  Circular  Prism  (Cylinder).  Ihe  analyses 
are  based  on  a  rtsy  tracing  method  idxich  assumes  specular  reflection  at  each 
surface  within  the  cavity.  This  assumption  may  be  far  from  accurate  la  satny  eases 
but  it  was  believed  to  be  accurate  enough  to  obtain  realistic  results  and  to 
determine  the  relative  importance  of  various  parameters.  Ihe  actual  surface 
characteristics  lie  somewhere  between  a  specular  reflective  surface  and  one 
idiich  gives  a  hsalspherlcally  diffuse  reflection.  Althoiu^  there  is  seas 
Justification  for  use  of  tho  "specular"  assiavtlon  in  that  surfaces  tend  to 
"brlid^ten"  in  vacuum  at  thermionic  temperatures,  further  computational  analysis 
and  tests  should  be  made  to  deten^ne  the  performance  band  between  these  two 
extremes. 

Cubical  Cavity  Absorber 

lbs  selection  of  the  cubical  cavity  abeorber  configuration  for  one  of  the  generators 
built  under  this  program  was  based  on  the  results  obtained  from  the  analysis  con* 
ducted  for  this  type  of  cavity  receiver. 

There  are  several  limitations  to  the  design  of  the  cavity  absorber  however,  which 
prevent  the  achievement  of  ideal  performance.  First,  the  cavl^  aperture  siie  is 
essentially  a  function  of  solar  insge  siie.  Second,  the  cavity  wall  area  is 
determined  by  the  thermionic  generator  emitter  area  req[ulred.  Third,  cavity 
geometry  is  limited  by  emitter  geometry  limitations.  Practical  considerations 
dictate  the  use  of  one  material  to  serve  the  dual  purpose  of  thsxaioaie  emitter 
and  cavity  absorber. 

In  the  cubical  cavity  generator,  uniform  distribution  of  the  concentrated  solar 
eneriy  to  the  five  eaittsro  is  reqioired.  Energy  variations  in  the  cubical  cavity 
can  be  compensated  by  changing  the  effective  enlssivity  of  the  bottom  wall  converter 
as  compared  to  the  side  wall  oonvertsr,but  extensive  testing  wi^  this  geometry  is 
rofuired  to  establish  the  degree  of  ihproper  energy  distribution.  At  first  it 
ai^  eppsar  that  the  surfaee  at  the  bottom  of  the  oarity  will  reoeive  more  Uma 
its  share  of  the  radiation  •however^  amalyeis  (as  well  as  sahsegnent  generator  teat) 
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hM  •hoim  that  the  flux  attenuetloB  at  a  point  l.S  oa  fron  the  focal  plane  la 
■ore  than  eufflelent  to  prevent  overheating  of  the  hottoa  eurfaee.  Any  varia¬ 
tion  ^eh  nay  exlet  vUl  be  ■Inlalxed  by  the  hl|(h  rate  of  radiant  energy  inter¬ 
change  between  wall  eurfacee  which  takes  place  at  the  high  operating  temperature 
(2000*k).  (Thla  waa  also  conflneed  during  aock  converter  tests*  See  Tkble 
3.2.1) 

Ihe  effective  cavity  absorptivity  was  obtained  by  calculating  the  aaount  of 
concentrated  incident  flux  reflected  froa  the  cavity  after  once  having  entered 
the  cavity.  The  cavity  has  a  circular  aperture.  Incident  radlaslon  passing 
throui^  the  cavity  aperture  is-  weighted  with  respect  to  the  total  energy  received 
trcm  a  given  direction  (l.e.,  froa  a  given  Inereaental  ring  on  the  solar  coneen- 
trator  paraboloid  surface).  A  relation  is  obtained  for  the  nuaber  of  aultlple 
reflections  within  the  cavity  experieneed  by  a  single  ray  as  a  function  of  the 
ring  angle  froa  which  it  eaanated.  Figure  3*2.3  presents  the  results  of  the 
coeqputer  evaluations  of  thla  relation.  For  the  cubical  cavity  generator  which 
uses  tantalua  eaitters  at  a000*K  and  a  reflectivity  of  0.53,  an  effective  cavity 
absorptivity  of  0.9^  is  obtained. 

The  effective  eBlsslvlty  of  a  cubical  cavity  absorber  with  a  circular  aperture 
in  one  face  wee  detereined  by  the  Klehend  equation  which  has  been  experiaentally 
verified.  MLchand  gives  the  ealsslvlty  as: 

e  /l  ♦  (1  -e)  (A/A_  -  sin®  ♦  )7 

^ - S - (17) 

e  (1  -A/Aj,)  +  (A/A^) 

where  e  ■  surface  esdselvlty 
A  ■  area  of  tysrture 
A^  ■  area  of  cavity 

^  ■  arc-tan  of  aperture  radius/eavity  depth 

The  results  of  this  equation  are  plotted  in  Figure  3*2.1»  where  effective  aaissivlty 
is  shown  as  a  funetion  of  the  relative  aperture  sl’je. 

For  the  taatalun  eUbical  cavity,  therefore,  a  geonstric  selective  effect  is 
obtained  which  inprovee  the  solar  eoneentrator-abeorber  efficloney  to  a  level 
higher  than  could  be  obtained  with  either  a  tantaluB  selective  surfac.  absorber 
or  a  black  body  absorber.  Bence  the  eelectlcm  of  the  cubical  cavity  absorber 
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ABSORPTIVITY  OF  CUBE  CAVITY 


FIGURE  3. 
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EFFECTIVE  EMISSIVITY  OF  A  CUBE  CAVITY  WITH  A  CIRCULAR  APERTURE 


Cub»  Edgt  » 
Apcrtur*  Dkinwtvr ,  7 


FIGURE  3.2.U 


geometric  configuration  for  the  thermionic  generator  built  under  the  program* 
Absorber  Efficiency 

A  paianetrlc  analysis  vas  made  for  a  cylindrical  cavity  absorber  to  detexmine 
absorber  efficiency  as  a  function  of  variations  In  the  following  parameters. 

1.  Cavity  wall  surface  absorptivity,  ^ 

2.  Solar  flux  concentration  ratio, 

3*  Solar  concentrator  aperture  ratio,  D/f 

U.  Cavity  depth'Sperture  ratio,  d/r 

Cavity  surface  emlsslvlty,  8 

o 

6.  Cavity  surface  power  density, 

7*  Cavity  surface  teq^rature,  T 

Ihe  results  of  this  analysis  are  plotted  In  Figure  3*2. 5* 

The  following  conclusions  have  been  dzvivn  from  an  examination  of  these  ciirves. 

1.  The  most  promising  methods  of  Increasing  absorber  efficiency  appear  to  be 
(a)  Increasing  cavity  surfSee  absorptivity,  and  (b)  Increasing  cavity 
surface  area. 

2.  Increasing  concentrator  aperture  ratio  will  Increase  efficiency,  but  will 
also  have  an  effect  on  flux  concentration  ratio.  l!he  net  effect  remains 
to  be  Investigated. 

3.  Efficiency  exhibited  a  mlnlmia  change  In  the  range  of  cavity  depth- to- 
aperture  ratio  Investigated.  Variations  of  this  parameter  to  obtain  a 
significant  increase  In  efficiency  appear  to  be  Impractical  because  of 
geometry  limitations  associated  with  the  themlonle  energy  coorerters 
presently  being  used  or  considered. 
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DEPENDENCE  OF  ABSORBER  EFFICIENCY  ON  VARIOUS  PARAMCTERS 
FOR  A  CYLINDRICAL  CAVITY  AT  I  A.U. 


Blade  Body 
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Fig.  3.2.5 
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3-3  Solar  ConeentratorB 

Because  of  the  high  energy  density  required  to  operate  thermionic  converters 
efficiently^  only  a  very  precise  solar  concentrator  Is  suitable  for  use  In  a 
solar  thermionic  power  system  In  which  efficiency  Is  a  chief  criterion  of 
performance.  The  concentrator  selection  Is  therefore  limited  to  a  precision 
paraboloidal  reflector  which  can  be  Inspected  on  the  ground  and  stowed  on  a 
launch  vehicle  without  folding  or  deflating.  Other  types  of  concentrators  may 
be  made  sufficiently  accurate  to  produce  thermionic  power,  but  the  system 
utilizing  them  will  not  conqpare  favorably  on  an  efficiency  basis.  Some  of  the 
less  precise  types  are  described  below. 

The  Fresnel  reflector  offers  the  advantage  of  a  nominally  flat  surface  for 
easier  stowage.  However,  steps  between  the  reflecting  surfaces  form  large 
areas  which  do  not  concentrate  Incident  solar  flux,  and  efficiency  Is  consider- 
ably  reduced.  Fabrication  Is  also  difficult. 

The  Petalline  reflector  can  be  folded  for  stowage  In  its  vehicle  to  obtain  low 
volume  requirements,  but  the  loss  of  precision  associated  with  the  folding 
mechanism  Is  a  serious  drawback.  Dimensional  control  of  petal-shaped  reflectors 
Is  far  more  difficult  than  for  shell-shaped  reflectors. 

The  Fresnel  lens  Is  not  as  sensitive  to  distortion  as  reflectors,  but  It  has 
a  step  loss  similar  to  Fresnel  reflectors.  Glass  lenses  are  silbject  to  breakage 
and  plastic  lenses  are  susceptible  to  ultra-violet  damage. 

Low  concentration  systems  which  do  not  approach  thermionic  requirements  Include: 
the  hemlspherlce^.  concentrator,  the  "umbrella"  type  concentrator,  and  the 
pcuraboUc  cylinder  concentrator. 

3>3*1  Solar  Coneantrstor  Mstarials 

Ihe  chief  criteria  by  which  solar  concentrator  materials  should  be  Judged  are: 

1.  Density 

2.  Rigidity 

3.  Strength 

4.  Dimensional  stability 

5.  FomablUty 

6.  Surface  finish  attainable 
7*  Vapor  pressure 
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Table  3«3>1  siamartzes  many  of  these  properties  for  materials  vhleh  have  been 
considered,  nie  materials  listed  are  good  In  most  respects  but  all  seem  to 
have  at  least  one  major  drawback. 

Aluminum  Is  very  good  In  all  respects  except  that  It  Is  difficult  to  obtain  a 
satisfactory  mlrror-llke  surface  finish  by  standard  polishing  methods. 

Beryllium  Is  attractive  because  of  Its  hlj^  strength-to-welght  ratio.  Because 
of  Its  hled^  cost,  it  has  not  been  used  In  the  fabrication  of  large  shapes,  azkd 
the  fabrication  of  solar  concentrators  from  Beryllium  would  require  a  develop¬ 
ment  of  fabrication  techniques,  nie  seriousness  of  the  toxlcl^  problem 
associated  with  Beryllium  is  largely  a  matter  o:*  pplnlon. 

Copper  and  Its  alloys  are  readily  electsrofoxaed  and  eauilly  polished.  Cqpper 
suffers  the  disadvantage  of  a  very  low  strength-to-welc^t  ratio. 

Nickel  Is  easily  electrofonned  and  easily  polished.  Much  work  has  been  done  on 
the  development  of  nickel  electrofonned  solar  concentrators.  (See  BOB  Report 
1587  *  Final;  prepared  for  NASA  under  Contract  NAS  T-'IO.)  The  chief  disadvantage 
of  nickel  Is  Its  high  density.  The  magnetic  properties  of  nickel  may  also  be  a 
disadvantage  for  some  applications. 

Steel  may  be  fabricated  with  high  strength,  but  It  has  the  disadvantage  of  hlf^ 
density.  Special  finishing  techniques  are  probably  needed  to  obtain  a  mirror-- 
like  finish. 

Tltanlms  and  Its  alloys  have  high  strength  and  low  density.  Forming  techniques 
In  their  present  state  are  Inadequate  for  the  production  of  solar  concentrators. 

Bpoacles  and  plastics  present  a  variety  of  difficulties  depending  on  the  partic¬ 
ular  coq>ound  considered.  In  generc^.,  they  offer  little  advantage  over  the 
awtals  and  present  the  additional  pzpblems  of  dimensional  InstablU^,  and 
thermal  distortion  due  to  low  thermal  conductivity. 

3.3*2  Methods  of  Fabrication 

Several  fabrication  methods  for  achieving  hl^-preclsion  solar  concentrators 
have  been  evaluated  during  the  couzae  of  this  program  to  establish  the  advantages 
aztd  disadvantages  of  each.  Althou^  ninlmum  weight  Is  a  major  design  objective 
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considered  during  the  Investigation  of  materials^  structural  concepts^  and 
fabrication  techxilqaes^  the  optical  properties  of  a  paxtlcular  concentrator 
structure  determine  hov  much  area  Is  needed  to  provide  the  required  Input 
power  through  a  given  cavity  aperture  for  use  by  the  conversion  device.  There¬ 
fore,  surface  quality  as  well  as  velcd^t  must  be  Included  In  the  criteria  used 
to  Judge  material  selection  and  fabrication  technique.  In  brief,  the  chief 
criteria  by  which  fabrication  methods  should  be  Judged  are:  (l)  dimensional 
accuracy  of  the  fabricated  part,  (2)  surface  finish  of  the  reflecting  surface, 
(3)  suitability  of  the  fabrication  process  for  the  size  of  concentrator  to  be 
fabricated,  (4)  coBqftatlblllty  of  the  process  with  the  material  being  fabricated, 
and  (3)  cost  of  the  process.  Electrodeposition  onto  an  optically  ground 
master  surface  provides  excellent  reproduction  of  the  master.  Nickel,  copper 
and  silver  can  be  deposited,  but  nickel  gives  the  best  strength  properties 
due  to  Its  high  yield  stress  value.  Hie  electrofozmlng  process  can  provide  a 
coeqpletely  integral  structure  with  reflecting  surface,  si^portlng  ring,  point  of 
attachment  brackets,  etc.,  all  produced  from  one  cosaion  material.  In  this 
process  there  Is  no  need  for  adhesives,  welds,  brazes,  etc.  This  fabrication 
process  Is  extremely  desirable  for  the  production  of  space-type  concentrators. 

A  possible  disadvantage  Is  Its  higher  specific  weight  as  compared  to  aluminum 
and  Its  magnetic  properties. 

The  stretch  forming  process  using  aluminum  does  hold  promise  for  a  lighter 
weight  concentrator.  In  this  process,  the  controlled  yielding  of  a  metal  sheet 
over  a  master  surface  provides  parts  having  a  iwinimum  sprlngbaek  from  the  tool. 
Large  concentrators  can  be  formed  by  joining  several  sectors  or  by  overlapping 
several  stretch-formed  parabolodled  strips.  pieces,  however,  snast  be  held 
In  shape  with  an  adhesive  bond.  Weights  of  0.6  pounds  per  sq]uare  foot  Including 
a  support  ring  are  attainable  by  this  process  as  coiq>ared  to  0.7$  pounds  per 
square  foot  for  the  electrofoined  concentrators. 

Because  of  Its  lifter  weight  and  adaptability  to  the  stretch  forming  process, 
alumlnua,  stretch-fomad  concentrators  are  under  development.  To  date.  It  has 
been  shown  that  the  process  holds  promise  If  refinements  In  the  stretch  operation 
and  svtbsequent  epoxy  surface  finish  operation  can  be  developed.  It  must  be 
concluded,  however,  that  only  the  electrofoxmed  concentrator  Is  currently 
suitable  for  use  In  solar  thexmlonlc  space  power  systems. 
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pMulorai  eoaeapt  aad  a  aatrlx  alforltlM  for  Ita  ni— rleal  eoiviitatioa*  9w 
pMudoaun  !•  a  radiating  disk  raplaelng  tha  ana,  nkleh  haa  tte  iropar  lata  of 
■OBoehrcaatlc  Uaib  darkening  ao  aa  to  ataoi^  tka  affOet  of  aurfaee  dlaparaiea 
and  benea  paxalt  tha  eoaeantrator  to  ha  treated  aa  helag  parfaetly  aaooth* 
(Banea,  hj  thla  daflaltlon  tha  fomulatioa  of  tha  aurfhea  rootfmaaa  la 
ahaoihad  in  tha  fonmlatloB  of  tha  poaudoaua*)  order  to  oalenlata  aa 
aeenxata  and  raollatie  paeudoaua^  aa  aeenrata  lataaaltj  foactlon  for  the 
BOBoehroaatleally  1  Iffc^daidpaned  ana  haa  haan  ohtalaad  by  flttiag  a  Xarga 
aaouat  of  praelae  data  to  aa  aatrophyaleal  foanaala  for  thla  foaetlon.  The 
aolar  anrlhea  taaparatura  aad  naralaagth-iatagratad  eaaikral  tateaalty  hare 
bean  datanrinad  froa  thla  data  aa  boundary  ecBdltloaa*  flea  eharta  for  tha 
anaarleal  eoaputatloaol  proeadaraa  for  ealeulatlag  a  paandcaua  aad  tha 
raatfltlag  flna  dlatrlbntloa  for  a  pamhhlle  ooaeaatrator  aara  daaalaiad  aad 
appUad,  with  a  digital  eo^patar,  to  a  apaelfle  eoaeaatrater. 

Dm  raamta  of  thaaa  eaiqutatleBa  (8aa  ngora  3*3*l)  vhaa  eo^paxad  to 
obaaraad  flna  dlatrlbotlOBa  iadlMtad  tha  gnaral  appUeabUlty  of  thaaa 
aathoda  aad  daaoaatratad  tha  fUBdaaaatal  lavortaaea  of  tha  aurfhea  l^perfae- 
ttoa«  aa  a  aaaaa  of  fkithfaily  eiigputlng  fins  dlatrlbutloao  aa  are 
obaanrad  and  aa  a  dealgn  panonatar  for  eoaeantrator  aurfaeaa* 

Thaaa  raahLta  atrongly  auggaat  that  further  aork  ahoald  be  dona  vlth  tha  dla- 
paralOB  fUaetloa*  Nodlfleatloaa  of  tha  alauuold  aurfhea  l^parfhetloa  ahoald 
ba  iBfaatlgatad  fToa  ahleh  fimdaaantal  pamaatara  aladlar  to  eoULd  ba 
(lateral  nafl  I  Aa  a  further  raflaaaaat,  a  probohUlty  dlatributloa  ahoald  be 
glaaa  to  thaaa  fUndaawntal  poraaatom,  aad  la  partleUlarl  ,  to  lapreua 

tha  aeeuraey  of  tha  flax  dlatrlbatloa  datennlaatlOB. 


PatatadaatlOB  of  Paaudoaaa  Ihtaaeltar  matrlbutloB 
Bw  paaudoaaa  uaod  la  tha  ahoae  aaolyaia  ahleh  raaoltad  la  tha  lataaalty 
dlatributloD  glaaa  la  figure  3*3*1  aaa  baaad  atrlotly  on  a  hypothatleal  aur- 
fhoa  dlaparaiea  aodal.  fharafUra^  a  further  oaalyala  aaa  anda  to  dataiadaa 
tha  paaudoaaa  lataaalty  diatrlhutlea  froa  oipariaaatal  data  ao  ^t  a  eoai- 
parlaoB  eoold  ba  anda  aith  tha  hypethatieolly  dataialaad  paaodaaaa.  9w 
aa^artaaatal  fLux  profile  data  aaa  ohtalaad  oa  a  31«9  laA  (liaMatar  aolar 
eeaaaataater* 
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PSEUDOSUN  INTENSITY  DISTRIBUTION 
YPOTHETICAL  SURFACE  DISPERSION  MODEL) 
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Fig.  3.3.1 
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If  the  pseudOBun  Is  MSTimed  to  be  made  up  of  Inoreaental  circular  bucb  of 
various  Intensity,  the  sum  of  the  focal  plane  flux  distributions  corresponding 
to  these  incremental  suns  oust  equal  the  focal  plane  flux  distribution 
obtained  with  an  actual  concentrator.  IDie  latter  was  obtained  from  the  31«5 
ihch  diameter  concentrator  and  the  distribution  corresponding  to  circular  uxii- 
form  sun  was  detenilned  by  calculation,  using  a  method  similar  to  that 
enployed  by  HUkuo  and  Mil.  For  this  analysis,  rather  than  using  the  curves  of 
flux  versus  radius,  the  curves  of  integrated  power  versus  area  were  used. 

This  choice  was  based  on  the  d..>Blxshllity  of  working  with  functions  without 
sharp  discontinuities.  The  power  versus  area,  curve  for  the  31*5  inch  eone«i- 
trator  is  shown  plotted  in  Figure  3*  3*2  and  the  power  versus  area  curve  for  a 
unlfom  circular  sun  is  shown  plotted  in  Figure  3*3*3*  It  will  be  noted  that 
the  ordinates  have  been  nonsalixed  so  that  the  total  reflective  power  Is 
equal  to  unity.  Tbm  incremental  suns  were  chosen  such  that  the  areas  of 
succeeding  suns  increased  in  geometric  progression  by  a  factor  of  1.259 »  which 
Is  the  tenth  root  of  10.  Intensities  for  the  Incremental  suns  were  chosen 
such  that  when  the  Incremental  suns  were  subtracted  from  the  power  associated 
with  the  true  mirror,  the  remaining  power  was  0  or  as  nectr  to  0  eus  could  be 
achieved.  The  maximum  deviation  from  0  was  8  parts  in  1000  and  the  average 
was  between  1  and  2.  The  intensities  of  these  incremental  suns  are  shown 
plotted  in  Figure  3 •3*^  such  that  the  combination  of  them  shows  the  intensity 
distribution  of  the  pseudosun. 

Ihe  shape  of  the  pseudosun  as  shown  In  Figure  3>3>^  does  not  agree  very 
closely  with  any  of  the  shapes  shown  in  Figure  3>3*1»  It  seems,  therefore, 
that  the  hypothetical  surface  model  assumed  is  Inadequate.  Other  surface 
models  should  be  examined  to  find  one  which  will  approodmate  the  results  of 
these  calculations.  Aa  alternative  would  be  to  use  tbs  experimental  data 
developed  and  work  back  to  determine  a  surface  dispersion  characteristic  and 
possibly  the  surface  model  which  will  yield  the  desired  pseudo  sun  intensity 
distribution. 

It  will  be  noted  in  Figure  3>3>^  that  the  tail  end  of  the  curve  Is  negative. 
There  Is.  of  course,  no  dispersion  characteristic  which  will  yield  a  pseudosun 
with  a  negative  portion.  13ie  negative  portion  of  the  curve  is  attributed 
to  an  error  caused  by  loss  of  sensitivity  of  the  radiometer  In  determining 
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tlM  lov  iiit«nsltj  portloa  of  tho  flux  protilo  of  tbo  SI*?"  dloMter  eoneoa- 
tzmtor* 

Solar  Copcontimtor  Mloorliitatlon  Bffoeto 

The  fOeal  plane  power  and  flux  fttaetions  for  the  ease  of  the  alsorlented  eon> 
eentrator  prored  to  be  obtainable  only  throuf^  an  extreaely  lengthy  eoavuter 
ealevdjatlon*  A  saa^le  ealeulatlon  was  nade  for  the  ease  of  a  solar  eoneen- 
trator  with  a  nlsorlentatlon  of  one-third  of  the  solar  dlaneter  (10*67 
Minutes)*  Coneentrator  lis  angles  of  50^,  60^  were  used*  The 

results  of  this  ealeulatlon  showed  that  negligible  error  would  be  Incurred 
by  asswing  that  the  optlsua  eavity  aperture  radius  for  the  alsorlented  ease 
Is  larger  than  the  optima  eawlty  aperture  radius  for  the  oriented  ease  by  an 
anount  equal  to  the  paraxial  laage  translatlott;  and  further  that  the  saae 
amMset  of  power  win  Ihll  within  the  aperture  In  both  eases*  Reradlated 
power  win,  of  eourse^  Increase  with  an  Increase  of  aperture  area* 

figure  3*3*5  gives  the  percentage  focal  plane  power  In  the  eawlty-eboorber 
epejrtnre,  ^  function  of  the  nomallaed  aperture  dlaneter  (d^/f  s) 

for  concentrator  rln  angles  of  53^#  and  6o^  and  for  0*0'  and  10*67'  els* 
augment  of  the  concentrator  with  the  sun's  direction*  It  has  been  shown 
that  this  relation  Is  dependent  only  on  the  concentrator  rln  angle  and  Is 
Independent  of  concentrator  dlsaeter*  It  can  be  seen  fTow  Figure  3*3*3  that 
when  10*67'  nlseligment  occurs,  the  uawl—  is  always  given  by  the  6of* 
rla  angle  coneentrator* 

Figure  3*3*6  gives  the  percentage  focal  plane  power  retained  by  the  cavity, 
(assuedng  the  cavity  absorptivity  to  be  constant.  Independent  of 
temperature)  as  a  fteietlon  of  immalieed  aperture  dlesater  for  a  60^  rln 
angle  concentrator  a)  for  effective  cavity  teagerature  (le)  rangiag 

fToai  1900  to  2ii00^X*  Also  given  la  this  Figure  is  the  percentage  nomallied 
power  reradlated  by  the  aperture  for  the  corresponding  T^'s*  19w  naxlmm 

and  the  correspoadlng  optlsaai  a)  are  plotted  aa  a  function  of 

la  Figure  3*3*7*  If  8  la  the  percentage  of  the  concentrator  surlhoe  not 
shaded  and  la  the  concentrator  rafleetlvlty,thsn  the  — —  eoncentrator- 
eawltgr  ahaoKber  efficiency  aa  Hn*  *gr  6«>  >„  •  8  ^  (m.  cu  t* 

plotted  aa  a  Amotion  of  aa  In  Figure  3*3«8* 
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3.3*^  Solar  Concentrator  Structure 

In  view  of  the  high  precision  req.uireinenta  of  solar  concentrators  for  theznloalc 
systems,  optical  errors  associated  with  the  concentrator  structure  oust  he  held 
to  an  absolute  mlnlnum. 

The  structure  consists  of  two  parts:  the  paraboloidal  shell  and  Its  supports. 

lbs  experimental  determination  of  the  effect  of  paraboloidal  concentrator  shell 
thickness  on  optics  amd  i>erformance  is  prohibitively  expensive  for  the  purpose 
of  this  study.  However,  a  theoretical  relationship  has  been  determined  which 
appears  very  satisfactory  when  compared  with  the  few  lightweight  concentrator 
test  results  available. 

The  weight  of  the  solar  concentrator  is  the  sun  of  the  shell  weight  and  the 
weight  of  the  suppoirt  ring  idiich  positions  the  periphery  of  the  shell.  Hie 
shell  weight  is  readily  obtained  from  the  bowl  area,  thickness,  and  density. 

Bowl  area  Is  determined  from  the  equation: 


where  ^  Is  the  concentrator  rla  angle.  A  satisfactory  expression  for  ring 
weight  has  been  obtained  by  considering  the  ring  to  be  an  extension  of  the  shell 
having  the  sasm  thickness.  Hie  length  of  the  extension  has  been  aMids  great 
enough  to  damp  out  any  distortions  induced  at  its  outer  edge,  the  shell  is 
approximated  by  a  spherical  segeent  of  radius, 

B  -  D/2  sin  (^/2)  (19) 

then  the  length  of  this  extension  is  about  R  x  Zfx  idiere: 


ySf  ■  Poisson  ratio 


n»  actual  sivport  ring  will  not  have  the  shape  of  a  siaple  shell  extension. 

Hie  actual  shape  will  be  governed  by  additional  eonsideratiaas  of  flexural 
rigidity  and  stresses,  but  it  has  been  found  that  the  ring  can  be  deslgaed 
within  the  weli^t  and  overall  sise  lialtatlone  defined  by  this  simple  assusvtion. 
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Ih*  grsater  tte  thlekiwaa  aad  diab  of  ttoa  ahall,  tha  aora  rigid  It  vUl  be, 
and  the  anallar  Hie  aurfaea  alopa  arrora  vlU  1m.  Flaxoral  rigidity  egaatloDa 
for  a  aphere  ataov  that  tbs  aiarfaea  alofpa  axror  vlll  ba  proportional  to  P^/ER 
(\dMre^  and  B  are  defined  aa  above)  for  a  particular  realdual  atzeaa  level. 


The  ealght  of  the  abell  expreaaed  In  texna  of  aurfaee  alope  error  la  then: 


X  2/3  V 


and  tbe  eelght  of  the  aupport  ring  la: 


«R- 


uhare:  v  ■  denalty  of  eaterlal 

0  •  aurfaee  alope  error 
E  ■  Bodulua  of  elaatlelty 
K  •  proportlonall'ty  eonatant  ■ 

Thua,  It  la  apparent  that  ahall  uel^t  la  proportional  to 

•ad  ring  naight  Is  proportioasl  to  f  . 


3«^  Orientation  Subsystems 
General  Conelderatlons 

One  of  the  major  control  areas  associated  with  the  operation  of  a  solar 
thermionic  power  generation  system  Is  that  of  sun  acquisition  and  tracking 
by  the  solar  concentrators.  Acquisition  of  the  sun  upon  emerging  from  the 
earth's  shadow  must  be  accomplished  as  rapidly  as  possible.  This  Is  necessary 
to  provide  the  greatest  nuaiber  of  watt-hours  possible  for  use  by  the  vehicle, 
and  to  prevent  possible  damage  caused  by  Improper  direction  of  the  concentrated 
solar  energy  on  some  surrounding  structural  member. 

Several  approaches  may  be  taken  to  lns\ire  the  proper  acquisition  and  subsequent 
tracking  of  the  svm.  The  merits  of  each  approach  are  dependent  upon  the  vehicle 
application  and  the  orbital  altitude.  In  most  Instances  It  can  be  assumed  that 
a  vehicle  using  a  sophisticated  solar  thermionic  power  system  will  have  a  built- 
in  orientation  or  guidance  system  necesscoy  for  the  proper  operation  of  other 
vehicle  equipment  such  as  television  cameras  or  telescopes.  With  the  vehicle 
already  earth-oriented,  for  example.  It  becosies  a  somewhat  simpler  task  to 
direct  the  concentrator  array  In  terms  of  a  vehicle  reference.  Depending  vq>on 
the  accuracy  Inherent  In  the  vehicle  attitude  control  system, It  may  be  possible 
to  sloply  drive  the  concentrator  array  at  a  predetermined  rate  to  Insure  that 
the  concentrators  will  always  face  the  sun.  ^Hils  would  noimally  require  a 
vehicle  orientation  control  capable  of  holding  -  6  minutes  with  an  error  In 
the  drive  mechanism  of  not  more  than  5  or  6  minutes.  Using  this  approeich,  the 
concentrators  would  be  assured  of  Immediate  sun  acquisition,  nils  type  of  drive 
necessitates  that  the  concentrators  have  freedom  to  move  about  two  axes. 

A  similar  approach  may  be  used  with  vehicles  possessing  only  course  attitude 
control  systems.  Here,  however,  it  would  be  necessary  to  include  a  second  sun** 
seeking  system  In  the  concentrator  array.  Two  basic  controls  may  be  used  In 
this  Instance  to  direct  the  concentrators.  Solar  cells  or  sensors  used  In 
closed -loop  servo  systems  would  be  one  method, and  the  use  of  bimetallic  or  vapor 
pressure  hellotroplc  mechanisms  would  be  the  second  method.  The  first  method 
has  the  advantage  of  high  gain  and  accuracy  but  will  require  some  auxiliary 
power  to  operate.  Hie  hellotrople  control  allows  a  sli^t  persistent  error  to 
exist  but  requires  no  power  except  the  stray  radiant  energy  already  present  at 
the  converter  cavity.  Also,  the  hellotroplc  control  nay  be  built  rl^t  Into 
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the  eonverber,  thereby  saving  on  system  complexity.  There  are  two  types  of 
control  actions  vhlch  may  be  used  for  either  method;  namely,  fixing  the  concen¬ 
trator  and  positioning  the  converter  at  the  focal  point  or  fixing  the  converter 
and  aligning  the  concentrator  axis.  The  selection  of  a  control  would  be  made 
primarily  on  the  basis  of  the  system  configuration.  In  the  ease  of  a  low  power 
system  with  only  a  few  converters,  a  single  sun  sensor  and  servo  actuator  may 
be  preferred  to  direct  the  entire  curray  of  rigidly  mounted  modules.  For  large, 
complex  arrays  with  many  Joints  and  hinges.  It  may  be  Impossible  to  Insure  the 
alignment  of  all  concentrators  attached  to  the  framework.  Here  the  frame  Is 
roughly  oriented  towards  the  sun  within  -  ^  at  all  points  on  the  frame  and 
the  hellotroplc  mount  In  each  module  Is  used  to  Insure  accurate  alignment  with¬ 
in  -  6  minutes.  The  rou{^  orientation  Is  accomplished  with  a  scan  sensing 
servo  system  which  aligns  either  the  vehicle  or  the  solar  concentrator  framework. 

The  nature  of  the  vehicle  mission,  the  orbital  altitude,  and  the  vehicle  refer¬ 
ence  are  all  pertinent  In  selecting  the  type  of  orientation  control  most 
suitable.  If,  for  example,  the  vehicle  Is  required  to  maneuver  during  Its 
orbital  life  and  at  the  same  time  maintain  power  output  from  the  converters, 
the  orientation  system  may  be  very  coiig>lex.  Qy  the  same  token  a  vehicle  that 
Is  sun-oriented  for  Its  entire  useful  life  will  require  far  less  In  terms  of 
system  complexity.  Also,  It  becomes  apparent  that  much  less  power  will  be 
required  to  malntedn  vehicle  orientation  under  some  conditions.  Ideally,  It 
would  be  best  to  consider  a  sun-oriented  vehicle  with  the  i)Ower  conversion 
system  designed  to  trim  the  alignment  of  the  concentrators  with  the  hellotroplc 
mounts.  The  concentrators  should  be  deployed  so  as  to  produce  the  least  moment 
of  Inertia,  thereby  requiring  the  least  amount  of  energy  to  maintain  vehicle 
orientation.  Also,  It  can  be  seen  that  by  havlxig  each  concentrator  mass 
Individually  trlmoMd  with  the  hellotroplc  mounts  there  Is  less  danger  of  the 
vehicle  alignment  being  disturbed  by  inertial  forces  resulting  from  notion  In 
the  entire  concentrator  array. 

Feasibility  test  models  designed  and  built  by  TRW  have  shown  that  hellotroplc 
mounts  can  provide  the  type  of  control  action  required  to  orient  solar  concen¬ 
trators  without  using  complex  electronic  or  electromechanical  devices.  The 
TRW  models  demonstrated  that  mount  power  requirements  are  very  small,  representing 
only  the  energy  nonsally  lost  outside  a  thermionic  generator  cavity  due  to  the 
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image  spread  associated  with  large -apertiire  reflectors.  The  simplicity  of  the 
design  concept  and  the  small  number  of  parts  in  a  heliotropic  mount  promote 
hi£^  performance  and  reliability. 

TRW  Heliotropic  Development  Program 

In  the  early  peurt  of  1959t  TRW  developed  the  concept  of  the  simple  bimetallic 
heliotropic  mechanism  shown  in  Figure  3*^«1*  Flgtire  3* 2  presents  a  second, 
somewhat  more  sophisticated  concept.  Examination  of  these  figures  will  reveal 
the  basic  operating  principles  of  the  heliotropic  mount. 


Hie  major  difference  between  the  two  mount  concepts  developed  by  TRW  is  the 
relative  position  of  the  solar  concentrator  and  thexmlonlc  generator.  In  the 
first  concept  (Figure  3<^«l)>  the  concentrator  is  rigidly  mounted  to  the  vehicle 
and  oriented  toward  the  sun.  In  the  second  concept  the  thermionic  generator  is 


rigidly  attached  to  the  vehicle  structure 
from  bimetallic  members  also  fixed  to  the 
are  easqpared  below: 

Concept  1 

Small  alignment  errors  will  cause  uneven 
heating  of  the  thermianic  converter  and 
the  bimetallic  elements;  therefore  the 
converter  cavity  will  try  to  center 
Itself  on  the  focal  point  to  eliminate 
the  temperature  difference  in  the 
elements. 


and  the  solar  concentrator  is  suspended 
generator  assembly.  The  two  concepts 

Concept  g 

Displacement  of  the  focal  spot 
produces  uneven  heating  of  the 
elements  which  produces  a  torque 
or  couple  to  swing  the  concentrator 
until  the  spot  returns  to  the 
center  of  the  generator.  Ihls 
will  reduce  the  temperature 
difference  in  the  actuator  elements 
and  by  proper  adjustment  in 
sensitivity,  allow  only  a  smsdl 
persistent  mislocation  of  the  spot. 


Concept  2  seems  to  offer  the  greatest  nvn^er  of  features  and  advantages: 
1.  Sadi  concentrator  can  be  directed  independently,  thereby 
redoeing  Inertial  coiq)ling  of  the  concentrator  mass  with 
the  vehicle. 
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SELF-ALIGNING  CONVERTER  MECHANISM 


Stfiporf 

Strut* 


NOTE:  Miilocation  of  focol  ipot  cqums  unovon 
tomporaturo  diitribution  around  onoda  rim.  Bi- 
matalllc  alamantt  rooct  to  movo  convortar  eatheda 
toward  tho  focal  point.  TMt  lalf-coinponaoting 
oetlon  halpc  to  roduca  roquiromonts  for  orlontatioo 
occwroey. 


Rq*  3«4(  1 
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HELIOTROPiC  ORIENTATION  SYSTEM  SCHEMATIC 


SOLAR  RADIATION 


ng.  3.4.2 


2.  Each  mount  can  correct  independently  for  structural 
inaccuracies  in  the  generator  array  or  deployment 
mechanism. 

3.  Several  unique  stacking  arrangements  for  stowing  the 
generating  array  in  a  vehicle  in  the  least  possible 
volume  are  possible. 

4.  The  concept  is  ordinarily  used  in  conjunction  with  a  pair 
of  gimballed  rings  which  retain  the  thermionic  generator 
in  the  focal  plane  while  pennitting  rotation  of  the 
concentrator. 

3.  Gain  can  be  easily  adjusted  and  made  very  effective  in 
controlling  orientation  with  only  a  few  watts  of  stray 
radiant  flux. 

A  feasibility  model  is  shown  in  Figure  This  model  also  Includes  a 

calorimeter  to  measure  total  flux  entering  the  cavity  between  the  element 
tips.  A  water  boiler  on  the  rear  end  of  the  calorimeter  provides  a  constant 
temperature  heat  sink  at  approximately  210°F.  A  differential  temperature 
measurement  was  made  along  a  heavy  copper  post  leading  from  the  cavity  to  the 
heat  sink  to  permit  an  accurate  determination  of  heat  conduction.  Ihiring  tests 
this  calorimeter  provided  a  very  satisfactory  means  of  determlng  power  input 
to  the  cavity  and  to  the  elements. 

The  model  shown  in  Figure  3«^>3  vB'B  mounted  in  IT^W's  arc-imaging  furnace  for 
testing.  The  arc  furnace  was  set  up  to  permit  the  simulation  of  a  variety  of 
solar  concentrator  geometries)  that  is,  the  flux  levels,  spot  size,  and  rim 
angle  could  all  be  varied  at  will  within  the  furnace  Installation.  The  furnace 
was  also  mechanized  to  permit  moving  the  hellotrppic  mount  to  introduce  any 
desired  persistent  error  in  spot  alignment  to  allow  study  of  all  mount 
characteristics . 

A  slgtdfLoant  omission  in  this  fecMibility  test  effort  was  that  no  provision  was 
made  to  produce  the  vacu'im  environment  found  in  space.  A  vacuum  environment 
results  in  a  tremendous  reduction  in  te]q;>erature  in  the  sensing  elements  and  in 


HEUOTROPIC  TEST  ASSEMBLY 


the  gain  measurements  for  various  power  Inputs.  Heat  loss  from  convective 
cooling  of  the  sensing  elements  In  a  normal  ataiosphere  Is  relatively  large. 

A  second  omission  of  lesser  Importance  was  the  lack  of  a  representative  aaiblent 
temperature  In  the  cavity  and  what  would  normally  be  the  thermionic  converter 
radiator.  With  a  thermionic  generator  these  regions  would  be  quite  hot  and 
the  proximity  of  the  sensing  element  to  these  hot  radiation  surfaces  would  make 
a  significant  difference  In  the  tenperatures  attained  by  the  elements.  The 
calorimeter  was  designed  to  operate  at  lover  teiqperatures  to  minimize  radiation 
losses  and  therefore  does  not  truly  simulate  a  thezmlonle  device  In  the  hello- 
tropic  mount  assembly. 

Figure  iB  a  plot  of  some  typical  test  results  for  two  rim  angles.  Other 

useful  measurements  4  such  as  the  thermal  time  constant  which  appeared  to  be 
about  1.3  minutes,  were  also  made. 

'Rie  first  feasibility  test  program  conducted  In  edr  demonstrated  that  a  sl]Q>le 
bimetallic  control  can  give  the  required  corrective  action  for  a  mlsorlented 
concentrator  In  a  thermionic  system.  The  gain  normally  required  (assuming  a 
maximum  correction  of  3  degrees  and  a  persistent  error  of  0.1  degree )1b  30>&b 
opposed  to  the  gain  of  4  demonstrated  In  the  test.  However,  this  apparently 
large  difference  Is  easily  accounted  for  by  the  excessive  convection  losses 
encountered  In  atmosphere  and  other  mechanlcad  defects  found  In  the  mount 
design.  In  the  latter  Instance  It  Immediately  became  obvious  that  excessive 
drag  was  present  at  the  contact  point  between  the  elements  and  the  aperture 
ring  and  that  the  size  and  shape  of  the  elements  were  not  optimum.  Also,  the 
use  of  six  elements  produced  counter-torques  about  the  glmbal  axis  which 
greatly  stiffened  and  limited  the  motion  of  the  glid>al  rings.  The  results 
given  in  Figure  3*4.4  were  obtained  using  only  four  elements  placed  90  degrees 
apart  and  located  on  each  glmbal  axis. 

Iroroved  Hellotroplc  Test  Model 

Following  an  evaluation  of  the  data  obtained  from  the  feasibility  models  sad 
the  Investigation  of  other  concepts,  an  Improved  mount  was  built  and  bendi 
tested.  The  Uproved  mount  was  desl^ied  around  a  40^watt  thezmlanle  generator 
configuration  which  was  Intended  for  use  with  a  31*$  lueh  mirror.  T3ie  generator 
cavity  size  and  the  43-degree  rim  angle  of  the  coneentrator  were  used  to  fix 
the  hellotroplc  mount  geometzy. 
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PROTOTYPE  MOUNT  GAIN 


MOUNT  ROTATION,  DEGREES 

Fig.  3.U.U 


Figures  3.4.5  and  3.4.6  are  of  the  improved  hellotroplc  mount.  Figure  3.4.5 
shows  the  complete  assembly  Installed  on  a  vacuum  plate  end  equipped  with 
heaters  and  other  Instrumentation.  The  large  ring  shown  with  the  bell  Jar  Is 
mounted  above  the  hellotroplc  assembly  to  counterbalance  the  weight  of  the 
mock  generator.  This  renders  the  mount  Insensitive  to  gravity  and  permits 
operation  In  any  attitude. 

The  mount  operates  as  follows:  The  thermionic  generator  (peurts  1,  2,  and  17) 

Is  fixed  to  the  vehicle  frame  and  the  concentrator  Is  suspended  from  the  lower 
glfflbal  ring.  The  proper ly*^rlented  solar  concentrator  directs  concentrated 
flux  Into  the  cavity  within  the  limits  Indicated  by  the  Included  rim  angle. 

A  small  fraction  of  this  flux  Is  Intercepted  by  each  bimetallic  sensor.  With 
proper  orientation  the  heat  Input  to  each  blmetalUe  element  Is  equal  and  no 
deflection  occurs.  With  a  small  vehicle  misorlentatlon,  the  beat  Input  to 
one  or  more  elements  Is  Increased  and  the  elements  on  the  opposite  side  of  the 
mount  receive  less  heat  Input.  This  dlfferentleil  In  heat  Input  causes  the 
hotter  elements  to  lift  off  their  bearlx^g  point  on  the  generator  emd  the  cooler 
elements  to  exert  greater  pressure  at  their  bearing  point.  13ie  gliibal  ring  to 
which  the  elements  are  attached  then  rotates,  thereby  restoring  the  force 
balance  within  the  assembly.  This  rotation  swings  the  concentrator  so  as  to 
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relocate  the  focal  spot  at  the  center  of  the  sensing  elements.  A  small 
persistent  laibalaace  In  power  Input  to  the  bimetallic  elements  remains  to 
keep  the  concentrator  properly  oriented. 

Test  Results 

In  the-liig>roved  mount  test  program,  the  environment  created  was  sufficient  to 
pennlt  a  reasonable  determination  of  what  could  actually  be  expected  In  a 
si>ace  application.  Also,  the  Instrumentation  was  adequate  for  accvtrate  measure¬ 
ment  and  Interpretation  of  mount  performance.  In  particular,  the  following 
performance  characteristics  were  carefully  Investigated  In  the  course  of 
testing: 

1.  *Tigiii ftf  deflection  versus  element  temperature, 

2.  angular  deflection  verus  element  power  Input, 

3.  vector  sunnatlon  of  single  element  motions, 

4.  hysteresis, 

3.  position  or  Inclination  sensitivity  In  a  1  g  environment, 

6.  thermal  time  response, 

7.  Idealized  mount  gain,  and 

8.  mechanical  performance  factors  and  limitations. 

Typical  performance  curves  shown  In  Figures  3*4.7  and  3*^*8  Indicate  the 
satisfactory  characteristics  of  the  Improved  mount  design,  determination 

of  gain  for  this  asseid)ly  was  accomplished  ancdytlcedly  using  the  power 
distribution  characteristics  of  a  31-5  Inch  concentrator  and  the  test  data 
obtained  with  the  mount.  A  gcdn  of  over  97  degrees  per  degree, or  nearly  twice 
the  nominal  value  specified  for  a  solar  thermionic  system,  was  obtcdned.  All 
other  pertinent  factors  concerning  mount  performance  and  design  were  deemed 
acceptable  for  a  thermionic  systems  application. 

It  Is  a  certainty  that  adequate  hellotroplc  mounts  for  moderate  size  modules 
can  be  developed  for  any  system.  Tbe  development  will,  of  course,  be  tempered 
by  many  factors  which  cannot  be  considered  on  a  generalized  basis.  Problems 
of  Inertial  effects  on  the  vehicle,  stowage  problems  associated  with  vehicle 
geometry,  the  requlresmnt  for  vehicle  orientation  changes,  etc.,  must  be 
considered  for  a  particular  systm.  For  systems  In  the* 1  to  10  KV  range.  It 
Is  practiced  to  consider  the  use  of  the  hellotroplc  mount  assuming  the  use  of 
a  moderate  oiodule  sized  with  concentrators  on  the  order  of  3  to  8  feet  In 
diameter. 
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DEFLECTION  VERSUS  POWER  INPUT 
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3*5  Energy  Storage  Sitbsystems 

Continuous  operation  of  a  solar-povered  system  over  a  eon^lete  sun-shade 
cycle  requires  seme  fona.  of  energy  storage.  Energy  can  be  stored  In  many 
ways,  but,  unfortunately,  most  of  these  are  not  compatible  with  a  solar 
thermionic  system  In  a  1  to  10  KW  range  that  utilizes  hlc^r  temperature 
thermionic  converters.  Energy  Is  usually  stored  In  the  form  of  electrochemical, 
mechanical  or  Inertial,  thermal,  or  pneinnatlc  energy.  Mechanical  or  Inertial 
storage  Is  precluded  from  a  solar  thermionic  system  since  the  mechanism  would 
offset  all  weight  advantages  for  the  system  and  would  Introduce  moving  parts 
Into  what  Is  now  a  static  system.  Further,  the  use  of  such  storage  mechanisms 
would  most  likely  have  an  uxideslrable  Interaction  with  the  vehicle  orientation 
system.  The  use  of  pnevunatlc-type  energy  storage  would  require  large  and 
heavy  tankage  to  provide  sufficient  energy  for  the  S^Hslnute  shade  period,  and 
caBg>lleated  heavy  rotating  machinery  to  extract  and  convert  this  energy  to  a 
useful  electric  ou^ut. 

The  two  methods  that  do  hold  promise  are  electromechanical  storage  and  thermal 
storage.  These  two  methods  have  been  examined  In  detail  to  determine  their 
feasibility  In  solar  thermionic  applications. 

3>5<1  Thermal  teergy  Storage 

Energy  must  be  stored  In  either  thermal  or  electrical  form  to  maintain  power 
during  dark  periods  when  solar  thermionic  generators  are  usedT  to  provide  space 
power  for  earth  orbit  missions.  The  following  properties  of  storage  materials 
must  be  considered  to  select  a  suitable  material: 

1.  heat  capacity, 

2.  energy  release  with  phase  change  and  crystallographic  transitions, 

3.  specific  heat  per  unit  volume, 

4.  melting  te^wrature  near  2000^K, 

5.  heat  of  fusion, 

6.  anlsotoplc  thermal  conductivity  to  minimise  thermal  gradients 
which  would  decrease  absorber  efficiency. 
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?•  non-corrosive  to  structural  materleds  over  long  tine  periods, 

8.  not  subject  to  dissociation  or  large  pressure  Increases 
with  temperature, 

9«  not  chemically  reactive  with  structural  materials  to  form 

compounds  that  sure  solvents  for  the  heat  storage  material  Itself. 

Due  to  the  general  applicability  of  solids  for  thermal  energy  storage  at  high 
tenperatures  In  space  applications,  attention  will  be  focused  belov  primarily 
on  the  factors  vhlch  affect  the  heats  of  fusion  and  heat  capacities  of  solids. 

Considerations  for  Integrating  Heat  Storage  Capability  In  Solar 
Thermionic  Generator  Systems 

nie  high  operating  toqwrature  of  thermionic  converters  requires  that  the 
Individual  converters  be  arranged  In  a  cavity  geoisetry  In  order  to  minimize 
heat  loss  by  reradlatlon.  In  genezml,  this  results  In  a  very  compact  generator 
configuration.  It  Is  therefore  necessary  that  the  thermal  energy  storage 
material  and  container  also  be  of  a  small  volme  since  It  will  have  to  be 
placed  In  close  proximity  to  the  thermionic  converter  emitter.  The  mode  of 
heat  trcuisfer  from  the  storage  material  to  the  emitter  will  be  radiation  and/or 
conduction islnce  body  forces  are  absent  In  space, and  employing  forced  circula¬ 
tion  at  these  high  temperatures  Is  loprobable.  Ibus  the  thermal  conductivity 
of  the  heat  storage  material  and  the  surface  characteristics  of  the  container 
are  Inportant  considerations. 

Heat  losses  being  proportional  to  the  fourth  power  of  the  temperature  Indicates 
the  desirability  of  minimizing  temperature  differences  between  the  solar  energy 
absorber  and  the  thermionic  emitter.  A  high  thermal  conductivity  In  the  heat 
storage  material  will  minimize  temperature  gradients  and , consequently,  the 
maxlaum  teq>eratures  within  the  cavity.  Ibe  emlsslvl'^  and  absorptlvl'^  of 
absorber  surfaces  are  liqportant  design  variables  over  which  the  designer  may 
have  some  control.  For  exai^le.  It  would  be  desirable  to  obtain  a  surface  with 
a  hl^  absorptivity  to  the  Incostlng  solar  radiation  and  a  low  emlsslvlty  for 
radiation  of  the  wavelengths  corresponding  to  the  temparatinre  of  the  absorber. 
However,  If  the  msehuilsn  for  heat  transfer  from  the  absorber  to  the  naitter  is  also 
radiation,  then  a  hlc^  emlsslvlty  would  be  desirable.  This  apparent  Inconsis¬ 
tency  can  be  clrcuavented  through  proper  geosietrlc  considerations  In  placing 
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the  heat  storage  material  within  the  thermionic  generator  package.  An 
Illustration  of  this  would  he  to  transfer  heat  Into  the  storage  material 
through  one  surface  and  from  the  storage  material  to  the  emitter  through 
another  surface,  thus  allowing  each  surface  to  have  different  radiative 
properties.  A  great  deal  of  work  In  the  field  of  coatings  for  space  radiators 
Is  presently  being  done,  but  this  Is  for  a  temperature  range  considerably 
below  that  of  concern  for  thexmilonlc  devices,  nxe  problem  of  coating  deterior¬ 
ation  with  time  due  to  hlc^  tes^erature  and  vacuum  will  require  Investigation. 

Utilization  of  sensible  heat  In  addition  to  latent  heat  requires  analysis  of 
the  thennlonlc  system  perfonianee  when  the  emitter  temperature  Is  allowed  to 
decrease  In  order  to  obtain  the  sensible  heat  from  the  cooling  heat  storage 
material.  An  optimization  will  Indicate  the  amount  of  sensible  heat  contribu¬ 
tion  desired  In  order  to  obtain  the  best  overall  power-to-welc^t  ratio  for  the 
solar  thennlonlc  system.  If  a  decrease  in  thennlonlc  generator  power  output 
Is  allowable.  It  Is  possible  to  utilize  additional  sensible  heat.  However, 
this  will  restilt  In  an  Increase  in  the  tenperature  cycle  band  width  below  that 
of  normal  operating  tenperatures.  If  the  tenperature  cycle  band  width  Is 
penaltted  to  Increase  above  that  of  normal  operation,  greater  solar  concentrator 
precision  Is  required.  In  addition,  heat  losses  will  Increase  rapidly  with 
tenperature  as  stated  above. 

Consideration  of  containment  of  the  heat  storage  material  demands  equal  con¬ 
sideration  to  the  heat  storage  material  Itself,  since  the  weight  and  volume  of 
the  container  could  be  of  the  same  magnitude  as  that  of  the  heat  storage 
material.  Material  eonpatlblUty  Is  necessary  for  durations  ipt  to  one  year. 
Corrosion  and  alloying  between  the  heat  storage  material  and  container  material 
must  be  Investigated.  Therefore,  the  merit  of  a  heat  storage  system  must  be 
evaluated  on  either  a  volume  or  wel^t  basis  which  Includes  both  the  storage 
material  and  container  material.  Volume  changes  due  to  thermal  and  phase 
change  will  influence  the  container  design.  The  strength  of  the  container  must 
be  sufficient  to  withstand  the  peopled  pressures  of  the  heat  storage  material 
components.  Further,  the  container  material  must  limit.  If  not  prevent, 
diffusion  through  the  container  walls. 

The  feeuilblllty  of  thermal  energy  storage  therefore  cannot  be  decided  solely 
on  the  basis  of  the  thermodynaolc  properties  of  the  storage  material  but  on 
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Its  Integration  In  the  solar  thermionic  generator  system.  These  requirements 
may  be  mutually  contradictory.  It  Is  not  a  priori  evident  that  high  specific 
heat  materials  possessing  desired  thermal  conductivity  properties  also  have 
high  heats  of  fusion.  Further,  It  Is  not  obvious  that  low  density  materials 
for  thermal  storage  will,  of  necessity,  result  In  the  lowest-welght  heat  or 
energy  storage  system.  Thus,  It  may  be  advantageous  to  examine  the  higher 
density  materials  to  determine  whether  or  not  they  may  result  In  more  optimum 
themal  storage  systems. 

The  energy  storage  system  under  ccmslderatlon  should  be  that  which  results  In 
the  lightest  weight  system  subject  to  the  various  operating  constraints  Imposed 
by  the  operating  environment.  The  greatest  bulk  advantage  for  a  thermal  energy 
storage  system  will  In  all  probability  accrue  by  maximizing  the  heat  of  fusion, 
on  a  unit  weight  basis,  of  the  thermal  storage  material.  The  energy  storage 
capacity  idilch  restilts  from  a  hig^  specific  heat  Is,  as  a  rule,  two  or  three 
orders  of  magnitude  below  the  thermal  capacity  Inherent  In  a  phase  change  and 
Is  not  available  as  constant  temperature  energy,  inie  greatest  energy  storage 
capacity  of  presently  known  materials  will  come  about  In  conjunction  with  the 
heat  of  vaporization,  however,  containment  problems  Inherent  In  the  transition 
to  the  vapor  phase  from  the  liquid  phase  may  be  difficult  to  solve.  An 
appreciable  amount  of  energy  1j,  however,  stored  In  the  material  In  the  process 
of  raising  Its  temperature  to  that  level  where  melting  occurs.  Large  specific 
heats.  If  not  obtained  at  the  expense  of  the  heat  of  fusion,  are  also  desirable. 
Since  the  energy  must  be  added  to  the  material  In  the  form  of  an  Incident 
energy  flux,  the  thexmsLl  conductivity  properties  of  the  material  are  also  of 
Interest. 

A  preliminary  survey  of  high  tenqperature  materials  has  been  conducted  In  an 
attempt  to  select  promising  heat  storage  materleds  for  advanced  thexmlonlc 
generators.  Table  presents  the  results  of  the  survey.  These  materials 

demonstrate  the  following  basic  properties;  (l)  solid  state,  (2)  chemically 
stable  In  the  ten^erature  range  l^OO^K  to  2000^K,  (3)  high  heats  of  fusion, 

cmd  (k)  high  melting  teiq>eratures  with  low  diffusion. 

Gases  and  liquids  or  the  alkali  halides  and  hydrides  were  not  considered. 
Although  these  materials  demonstrate  high  heats  of  fusion  (e.g.,  LtF, 
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TABLE  3.5.1 
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450  Btu/lb  at  1117°K,  and  LIE  1250  Btu/lb  at  95fl°K),th«lr  relatively  low 
boiling  points  and  Instability  at  teaperatures  required  for  this  application 
does  not  at  first  approximation  suggest  further  study.  LIH,  for  exaaplei 
deeonposes  at  1331°K  Into  lithium  and  hydrogen.  Due  to  large  dlffuslblU^ 
of  hydrogen  In  materials,  the  containment  problem  may  be  quite  severe  from  an 
engineering  standpoint.  The  problem  associated  with  using  such  a  material 
for  heat  storage  at  tenperatures  of  2000°K  Is  further  conpUcated  when  one 
considers  the  high  pressure  differential  resulting  from  the  operation  In  the 
space  vacuum. 

Table  presents  heat  contents  between  1500°K  and  2800°K  for  several 

potential  heat  storage  materials. 

An  examination  of  the  lists  of  materials  Indicates  that  several  materials  may 
have  heat  storage  prcpertles  suitable  for  use  with  thexnlonlc  generators.  Ihe 
suitability  of  any  of  these  materials  cannot  be  definitely  determined,  however, 
without  recourse  to  an  extensive  development  and  evaluation  program.  It  has 
been  proposed  that  a  heat  storage  materials  study  be  made.  Such  a  study  may 
prove  the  feasibility  of  using  one  or  more  of  the  better  materials,  such  as 
bexylUum  oxide  with  thermionic  generators,  but  as  of  this  time  It  appears 
lapractlcal  to  utilize  thermal  storage  In  any  proposed  theznlonle  system. 
Calculation  of  the  heat  storage  capacity  of  BeO  shows  that  I78O  Btu/lb  can  be 
realized  over  a  teaperature  range  of  2000°K  to  2620. 9°K;  but  It  Is  very  doubtful 
If  the  necessary  storage  material  could  be  packaged  In  the  quantities  required, 
considering  the  geoaietrles  aissoelated  with  our  present  themlonle  generator 
concepts. 

Also,  there  Is  little  certainty  of  the  necessary  heat  transfer  taking  place  or 
that  the  materials  Involved  would  be  co^atlble  for  long-term  operations. 
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TABLE  3.5.2 
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3«?>2  Electrical  Storage 

With  the  elimination  of  thermal  storage  as  an  energy  source  for  thermionic 
systems,  the  selection  of  an  appropriate  battery  storage  system  Is  Indicated. 

The  selection  of  one  of  the  severed  promising  types  of  secondary  batteries  for 
use  In  a  solar  power  system  Is  dependent  upon  the  particular  requirements  of  the 
power  system  and  the  characteristics  of  the  batteries.  For  any  space  vehicle 
systoB  application,  a  high  specific  power  and  good  reliability  Is  mandatory. 
Further,  the  nature  of  the  operating  environment  necessitates  a  hermetic  assembly, 
and  one  which  is  structurally  rugged  to  withstand  the  stress  of  launch  loading. 

The  Inclusion  of  such  a  battery  In  a  90  minute  orbital  application  with  a  one 
year  life  requirement,  as  Is  the  ease  for  the  proposed  thermionic  systems,  also 
requires  that  the  battery  has  a  hl|^  cyclic  life.  The  selection  of  the  most 
efficient  batteries  available  consistent  with  good  cycle  life  and  minimum  weight 
Is  essential  because  the  use  of  secondary  batteries  for  electrical  energy  storage 
Incurs  electrical  losses  of  various  types  which  must  be  charged  against  the 
generating  system. 

In  all  batteries  there  Is  an  aiqpere-hour  loss  with  each  charge-discharge  cycle. 
That  Is,  all  of  the  cahrge  put  In  the  battery  during  charging  cannot  be  extracted 
from  the  battery.  This  loss  Is  not  Insignificant,  but  It  Is  often  omitted  from 
charge-discharge  efficiency  determinations,  thereby  contributing  to  the  variance 
of  quoted  performances. 

All  batteries  also  require  a  charging  voltage  higher  than  the  discharge  voltage. 
This  voltage  difference  Is  not  merely  an  Internal  resistance  effect  but  is  a 
function  of  the  state  of  charge  of  the  battery.  The  charge  and  discharge 
voltages  will  vary  during  constant  ctirrent  operation.  Battery  efficiency  is 
often  qiuoted  as  the  ratio  of  nominal  charging  voltages.  This  method  gives  very 
qptlmlstle  performance  values,  not  only  because  It  omits  the  ampere-hour  loss, 
but  because  all  of  the  discharge  power  will  not  be  usable  If  the  discharge  at  a 
voltage  above  or  below  nominal  cannot  be  fully  utilized  by  the  load. 

Another  source  of  loss  associated  with  secondary  batteries  Is  the  regulation  of 
charging  current  and  discharge  voltage.  Because  of  the  Inefficiency  associated 
with  static  DC-DC  conversion.  It  Is  desirable  to  have  the  generators  supply  the 
load  directly  during  sunll^t  and  the  batteries  stpply  the  load  directly  during 
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shade.  This  means  that  the  batteries  should  fall  within  the  system  voltage- 
regulation  specification,  otherwise  a  power-consuming  regulator  must  be  added 
to  the  system. 

Of  the  various  types  of  batteries  currently  available,  only  three  appear  truly 
suited  to  space  applications.  These  are  nickel-cadmium,  sllver-zlnc,  and  silver- 
cadmium.  All  three  have  relatively  high  specific  powers  and  can  be  sealed 
against  the  vacuum  environment  of  space.  The  selection  of  a  type  for  the 
theznlonlc  system  application  Is  then  dependent  upon  the  particular  require¬ 
ments  for  hl£^  cyclic  life,  reliability.  Insensitivity  to  launch  loading,  and 
minimum  size  and  weight. 

A  survey  of  the  chareicterlstlcs  of  secondary  batteries  brou^t  forth  many 
conflletlng  reports  on  the  perfonaance  that  could  be  eiqpected  from  various 
types  of  secondary  batteries.  The  amount  of  actual  test  data  available  at 
this  time  Is  very  limited  and  someidiat  Inconclusive.  Further,  It  appears  that 
the  method  of  rating  batteries  and  calculating  performance  varies  with  the 
manufacturer. 

Several  general  observations  can  be  made  concerning  the  characteristics  of  the 
three  batteries  mentioned.  The  sllver-zlnc  battery  has  the  highest  specific 
power  of  the  three  but  Is  generally  limited  to  a  few  hundred  charge-discharge 
cycles.  The  sllver-eadmlum  batteries  have  second  highest  specific  power  but 
are  not  so  highly  developed  an  the  nickel-cadmium  batteries  nor  have  they 
demonstrated  under  test  the  ability  to  withstand  as  many  cycles  as  nickel- 
cadmium  batteries.  The  cycle  life  of  nickel-cadmium  and  silver-cadmium  batteries 
Is  dependent  upon  the  depth  of  discharge  and  operating  teiig>erat\ire.  Because 
of  this,  the  silver  cadmium  battery  appeeurs  to  have  a  definite  advantage  over 
nickel-cadmium  where  the  cycle  life  Is  on  the  order  of  ^000  cycles.  The 
sllver-ccdmium  has  a  specific  power  of  about  2.^  times  that  of  nickel  batteries 
and  requires  limiting  of  depth  of  dlscoarge  to  ItO  to  60  percent  as  cosqpared  to 
5  to  30  percent  for  nickel-cadmium,  thereby  permitting  a  greater  realization  of 
watt-hours  per  pound  of  storage  hardware. 

An  additional  feature  unique  to  the  silver-cadmium  cells  is  that  the  discharge 
voltage  is  relatively  high  (approximately  1.1  volts)  and  rwsalns  nearly  constant 
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throughout  the  entire  discharge  cycle.  !nils  constant  discharge  voltage 
characteristic  helps  Insure  a  good  regulation  of  system  voltage  and  eliminates 
most  of  the  losses  that  would  he  associated  with  the  regulation  circuitry  need 
for  other  battery  storage  systems. 

The  best  available  data  regarding  the  three  types  of  batteries  may  be  summarized 
and  readily  eoDq;)ared  In  Figures  3.5«1  and  3.^.2.  The  first  figure  readily 
conpares  the  specific  weights  of  the  three  batteries  and  Includes  the  effects 
of  tenqperature  and  discharge  rate.  The  second  figure  Is  perhaps  the  most 
significant  In  that  it  represents  a  summary  of  test  results  obtained  to  date 
using  the  three  batteries  tinder  cyclic  test  conditions.  The  data  Is  displayed 
with  battery  weight  In  pounds  divided  by  megamtt-hour  cycles  as  a  function  of 
the  number  of  cycles.  In  this  way  It  Is  readily  possible  to  ccsqtare  the 
performance  of  the  several  battery  types  tested  for  the  nuaiber  of  cycles 
Indicated.  Tbe  limit  of  depth  of  discharge  Is  also  Indicated.  Also,  it  must 
be  pointed  out  that  the  data  points  do  not  constitute  the  failure  limit  of  the 
batteries  but  rather  the  nuaiber  of  cycles  they  have  satisfactorily  completed 
without  failure.  From  the  data  It  Is  seen  that  both  nlckel-cadmltn  and  silver^ 
cadmium  batteries  have  demonstrated  life  for  over  3000  cycles.  Also,  the 
reduced  weight  figure  and  higher  allowable  depth  of  discharge  tolerated  by 
the  sllver-eadmlum  batteries  Indicates  a  definite  svperlorlty  of  the  type  for 
hlch  cyclic  solar  applications. 

Manufacturers  and  other  Investigating  gro«;ps  have  attested  to  the  ability  of 
these  batteries  to  withstand  shock  cmd  vibration.  Nlckel'^admlus,  In  particular, 
has  been  tested  and  found  to  withstand  accelerations  up  to  11  g's;  vibration 
at  0.3  Inch  from  3  to  10  cycles  per  second;  2.3  g's  from  10  to  30  cycles  per 
second;  3  g's  from  30  to  400  cycles  per  second;  and  g'B  from  400*3000 
cycles  per  seeond;and  a  shock  Intensity  vqp  to  30  g’s. 
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3>6  CoatrolB 

The  satisfactory  operation  of  solar  thermionic  systems  Is  heavily  dependent 
upon  the  characteristics  of  the  overall  control  systems.  Controls  for  the 
generating  system  can  he  divided  Into  four  major  categories,  namely: 

1.  Structure-deployment  mechanisms 

2.  Orientation  and  startup  controls 

3.  Thermal  controls 

4.  Systems  controls 

Each  category  Is  In  Its  turn  vltaUy  Important  to  the  overall  system,  and 
furthermore,  the  efficiency  of  the  system  and  its  physical  size  for  a  given 
power  level  Is  directly  effected. 

In  summary,  the  ohjectlves  of  the  overall  control  systems  cure  as  follows: 

1.  Proper  erection  or  deployment  of  the  system  In  space. 

2.  Initial  and  continuous  acquisition  of  the  sun  upon 
emerging  from  the  earth's  shadow. 

3<  Precisely  tracking  the  s\m  with  the  concentrator  during 
the  sun  portion  of  the  orhltal  cycle. 

4.  Rapid  attainment  of  full  power  output  frcm  the  converters. 

Stahle  power  generation  characteristics  throughout  the  sun 
portion  of  the  orhltaJ.  cycle. 

6.  Protection  of  the  converters  from  severe  transients  or 
Improper  operational  modes  which  would  prcmotq  premature 
failure  or  reduced  reliability  and  performance. 

7.  Protection  of  the  batteries  from  severe  transients  or 
Imprqper  operational  modes  which  would  promote  premature 
failure  or  reduced  reliability  and  perfonsanee. 

8.  Proper  sensing  and  aecosmiodatlon  of  vehicle  system  load 
requirements  under  normal  and  abnonsal  circumstances. 

In  the  following  dlscusslaa  an  attespt  vlU  be  made  to  briefly  analyze  the 
system  requlrraents  In  each  of  the  major  areas  mentioned  and  to  select  the 
most  appropriate  approach  to  meeting  these  requirements. 


3*6.1  Structures  and  Deploynent  Mechanisms 

Systems  requirements  such  as  the  need  for  vehicle  stowage,  deployment  iMchsnlsms, 
and  structural  memhers  to  Insure  the  accurate  positioning  of  the  converters  In 
the  foced  point  may  also  he  considered  as  part  of  the  systems  control  problem. 
Biese  latter  items  are  heavily  dependent  upon  the  particular  vehicle  selected, 
the  purpose  of  the  mission  which  will  dictate  the  need  for  other  equipment  also 
stowed  In  the  payload  area,  and  the  size  or  type  of  hellonlc  array  selected  for 
the  application. 

It  has  been  established  that  the  modular  concept  using  moderate- si zed  eoncen> 
trators  of  the  rigid  high  precision  variety  Is  Indicated.  With  the  state-of- 
the-art  In  concentrators  cxirrently  limited  to  diameters  of  five  feet  or  less. 

It  becomes  apparent  that  the  structural  system  selected  for  deploying  and 
maintaining  the  modules  In  space  Is  directly  related  to  how  many  modules  It 
can  satisfactorily  accoemiodate.  That  Is,  how  many  modules  can  be  nested  or 
stacked  In  the  vehicle  during  launch,  and  how  well  can  the  structure  limit 
stack-up  errors  %dileh  contribute  to  concentrator  misalignment.  n>e  deployed 
structure  must  not  Interfere  with  other  vehicle  mechanisms  nor  should  It  restrain 
or  disturb  the  vehicle  itself  due  to  inertial  interactions.  Finally,  the 
arrangement  must  €dso  be  satisfactory  In  terms  of  the  system  output  voltage 
requirements  and  must  possess  the  degree  of  reliability  or  redundancy  deemed 
necessary. 

Figures  3.6.1  through  3*6.5  present  five  concepts  Interred  to  meet  the  need  of 
a  solar  thermionic  system  from  125  watts  to  3  KW.  It  is  Immediately  apparent 
that  the  complexity  and  the  number  of  modules  required  for  higher  power  levels 
Increases  rapidly.  It  is  this  factor  more  than  any  other  which  will  limit  the 
size  of  solar  thermionic  systems  until  the  state-of-the-art  In  concentrator 
fabrication  Is  made  to  Include  precision  concentrators  of  significantly  larger 
diameter. 

The  stowage  and  deployment  of  one  or  even  several  modules,  as  shown  In  Figure 
3*6.1,  Is  xelatlvely  straightforward.  The  mechanisms  are  slsqple  and  the  structure 
rugged.  SliQ>le  hinges,  springs,  locks,  and  release  mechanisms  are  adeqiuate  once 
the  vehicle  Is  placed  In  orbit.  As  the  system  gets  larger,  as  shown  In  Figures 
3*6.2  and  3*6. 3»  nore  attention  is  directed  towards  limiting  the  stowage  space 
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requirements  vlth  an  attendant  Increase  In  oonplexlty  and  a  marked  inorecuie  in 
need  for  precise  alignment  of  all  structural  parts  along  with  controlled  deploy¬ 
ment.  Slaqple  extension  or  unfolding  structures  are  replaced  by  more  elaborate 
truss  work  arrays  as  the  size  Inerec^es  to  maintain  the  necesseoy  strength  and 
alignment  accuracy  and  again  tha  deployment  programming  is  mads  more  conpllcatad. 


?or  systems  In  the  1  to  10  KW  range,  the  array-type  deployment  structure  Is 
necessary.  These  structures  fold  conpaetly  Into  the  nose  cone  and  are  rlgldlzed 
by  the  addition  of  suqpport  structures,  locks,  and  strategically  placed  prestressed 
hollow  columns  fitted  with  explosive  bolts  to  be  released  on  eonmand.  With  the 
vehicle  In  orbit  a  timer  or  radio  pulse  will  eonmand  the  release  of  explosive 
bolt  assemblies.  Bie  deployment  is  then  controlled  by  the  paying  out  of  a 
motor>drlven  cable  which  restrains  the  structures  against  extension  springs. 

These  springs  are  graduated  In  strength  to  Insure  the  outexmost  members  are 
fully  extended  before  the  Inner  members  are  allowed  to  move  by  the  payout  cable. 

With  each  major  segsent  of  the  structure  moved  Into  position,  a  release  cable 
allows  the  module  concentrators  or  the  generator  erection  structures  to  move 
Into  proper  position.  Here  snubbers  and  locks  are  employed  to  Insure  against 
shock  or  deformation  and  bounce. 

The  alignment  requirements  of  the  solar  modules  Is  such  that  the  greatest 
possible  accuracy  be  built  Into  the  structures.  With  small  systems  It  Is 
possible,  by  controlling  the  dimensional  accuracy  of  hinges  and  structural 
members,  to  insure  all^iment  between  the  vehicle  and  each  module  within  .1 
degree.  With  this  being  the  ease,  the  system  can  be  rlgidlsed  and  a  single 
orientation  system  used  to  control  sun  allgoment.  la  larger  systems,  however, 
this  Initial  structural  alignment  seems  dobbtful  and  the  use  of  the  hellotrople 
mount  with  eadi  module  and  a  gross  vehicle  attitude  control  seems  desirable. 

3*6.2  Orientation  and  Startup  Controls 

nie  selection  of  an  orhit  also  will  have  a  considerable  influence  on  the 
oonplexlty,  weight  and  'efficiency  of  the  conversion  systam.  The  Xonw  altitude 
ozhits  will  generally  be  the  least  efficient,  moat  complex,  and  require  the 
greatest  waiffitt.  This  hi^  wei^  and  low  overall  efficient  stans  from  the 
large  shade  to  sun  ratio.  This  necessitates  a  larger  conversion  •ystam  to 


generate  sufficient  power  In  the  sun  period  to  aceomnodate  the  shade  portion 
of  the  cycle  and  Imposes  the  great  vel{^t  penalty  associated  with  using 
batteries  to  store  this  power.  The  lower  efficiency  Is  also  strongly  dependent 
upon  the  actual  period  of  power  generation,  \dilch  Is  less  than  the  sun  portion 
of  the  cycle  by  the  amount  of  time  needed  to  preheat  the  converters  to  establish 
operating  ten^eratures .  The  shorter  the  sun  period  the  more  significant  will 
be  the  preheat  period  In  evaluating  overall  performance.  The  fact  that  batteries 
are  used  also  lotoses  a  reduction  In  efficiency  because  of  the  charging  efficiency 
of  the  batteries.  It  may  also  be  noted  that  batteries  must  be  derated  In  pro- 
posrtlon  to  the  cycle  life  expected  and  that  this  factor  makes  a  considerable 
difference  In  system  weight  between  hl^  and  low  altitude  orbits.  Finally, 

It  can  be  seen  that  an  Immediate  acquisition  of  the  sun  Is  necessary  to  Insure 
full  utlUsatlan  of  the  sun  portion  of  the  cycle.  This  then  requires  an 
orientation  system  which  has  fast  response  and  stability  upon  emerging  froai 
the  earth's  shadow  or  a  system  which  continues  to  program  the  orientation  of  the 
concentrators  during  the  shade  portion  of  the  cycle  so  that  the  system  Is 
peroperly  aligned  at  the  time  It  enters  the  s\sx. 

For  systems  In  the  1  to  10  KV  range.  It  will  be  necessary  that  the  course 
attitude  control  system  In  the  vehicle  be  operational  In  the  shade.  That  Is 
to  say,  the  array  must  be  properly  directed  at  the  Instant  It  emerges  from  the 
shade.  Ihe  accuracy  of  this  direction  must  be  within  degrees.  Also 
because  of  the  large  mass  and  Inertia  Involved  In  the  helionlc  system.  It  Is 
most  practical  to  have  the  system  maintained  In  a  sun>orlented  attitude  at  all 
times,  thereby  requiring  a  minimum  of  fuel  or  Inertial  control  hardware  for 
the  vehicle. 

With  the  -5  degree  direction  assured  for  the  modules.  It  Is  easily  possible 
for  the  hellotroplc  mounts  to  acq^re  the  sun  within  the  ^  minute  accuracy 
specified  for  the  modules.  Also,  there  will  be  no  danger  of  burnout  or 
structural  damage  due  to  the  concentrated  energy  being  directed  on  a  structural 
Beflber  during  the  Initial  sun  acqulsltlm. 

It  has  been  determined  that  no  startvqp  control  as  such  will  be  needed  for  the 
thexnlonlc  generators.  Mlth  the  -5  degree  Initial  dawn  alignment  Instured, 
the  generator  Itself  can  be  adeq;uately  shielded  from  burnout  during  the  sun 


aeq;alsltlon  by  the  hellotrople  mounts.  Also,  once  the  energy  ts  focused  Into 
the  generator  cavity  the  generator  will  easily  withstand  the  rapid  warmup 
cycle  which  wllx  follow. 

ISw  generators  developed  under  this  program  and  previous  efforts  have  demon¬ 
strated  their  ablUty  to  survive  step  power  Inputs  without  excessive  tempera¬ 
tures  or  stresses  being  noted  In  the  conveirter  structures.  The  cubical 
cavity  generator,  while  not  cycle  tested  In  the  laboratory,  had  been  subjected 
to  rapid  power  application  In  the  subsequent  solar  test  effort  using  the 
3  foot  earthbound  solar  tracking  rig.  ISxe  stress  of  startup  can,  of  course, 
be  of  considerable  Importance  In  terns  of  the  cycle  life  of  the  converters. 

The  proper  control  of  ceslus  pressure  and  system  load  can,  however,  minimize 
the  extent  and  severity  of  such  startup. 

3.6.3  Ihemal  Control  Bystens 

Thexnlonlc  converter  operation  depends  on  the  teiqperature  of  three  pcurts  of 
the  converter  being  held  within  certain  Units.  These  three  parts  are  the 
thermlonle  emitter,  the  collector,  and  the  cesium  well.  ITurthemore,  In  an 
orbital  application  utilizing  electrical  energy  storage,  the  time  required  to 
achieve  the  tenqwratures  necessary  for  operation  Is  directly  translatable 
Into  a  system  performance  loss.  Foi  example,  with  a  ^^nalnute  orbital  sunlli^t 
period,  each  33  seconds  of  warmup  time  results  In  a  1^  drop  la  system  perform¬ 
ance.  The  sunrise  period  In  a  90-ialnute  orbit  Is  8  seconds.  The  gradual  rise 
of  heat  Input  during  this  period  will  reduce  the  thermal  shock  on  the  converters 
and  will  lower  the  warmup  time  charged  against  the  ^^-mlnute  sunlight  period. 

Operating  experience  with  thermionic  converters  has  shown  that  the  thermionic 
emitter  can  be  expected  to  reach  operating  temperature  in  less  than  half  a 
minute.  No  t«>qperature  control  is  required  for  the  thermionic  emitter  because: 

1.  The  constant  nature  of  the  solar  heat  source  precludes  the 
possibility  of  large  heat  input  variations. 

2.  Nith  about  96^  of  the  focused  energy  being  utilised  under 
misorlented  conditions.  Input  power  variations  due  to 
orientation  changes  cannot  exceed  4^. 


3.  Reradlatlom  loss,  being  proi>ortional  to  the  fourth  power 
of  emitter  tenq^erature,  has  a  large  stabilizing  Influence 
on  emitter  tenqperature. 

k.  The  suggested  voltage  control  will  keep  the  generators 
fully  loaded  and  will  thus  produce  a  stabilizing  effect 
on  the  emitter  temperature  by  increasing  "electron 
cooling"  as  the  tenq^rature  rises. 

Assuming  the  application  of  solar  energy  is  aceonpUahed  laswdlately  \qpon  entry 
into  the  sun>  there  is  still  a  period  of  time  required  to  attain  operating 
temperatures  and  power  output  froei  the  generator.  There  are  three  pcurts  In  a 
generator  assenft>ly  which  must  be  maintained  at  the  proper  temperatures  to  insure 
efficient  operation.  These  are  the  emitters,  the  collectors,  and  the  cesium 
reservoirs.  It  becones  necesssry  then  to  rapidly  raise  the  temperature  of  the 
emitters  by  the  direct  application  of  solar  flux,  to  heat  the  collectors  by 
conduction  and  radiant  transfer  from  the  emitters  and  later  by  electron  flow 
from  emitters  to  collectors.  With  the  collectors  heated  to  a  reasonable 
temperature,  it  is  then  possible  to  heat  the  cesium  reservoirs  by  conduction 
from  the  collectors.  Ihls  warmup  sequence,  however,  may  take  a  considerable 
amount  of  time  depending  upon  the  mmsses  involved  and  the  amount  of  energy  that 
can  be  transferred  by  conduction,  radiation,  etc.,  with  the  particular  configura¬ 
tion  used  in  a  generator  design.  It  can  be  seen  that  while  It  may  be  a  alj^le 
tuk  to  dealgn  a  generator  that  will  attain  the  proper  equlUbriua  teaperatures 
under  long-term  qperating  conditions  with  a  fixed  power  input,  it  is  very 
difficult  to  design  a  generator  which  will  attain  the  same  equilibrium  conditions 
very  rapidly. 

The  elevation  of  the  emitters  to  deslpi  temperature  may  be  recdlly  aecompllshed 
because  the  mass  involved  is  relatively  small  and  for  an  inoperative  generator 
the  main  source  of  beat  loss  In  the  emitters  Is  by  radiation.  In  the  absence 
of  a  cesium  plasma  the  emitters  will  heat  zvqpldly  until  the  radiation  loss 
equals  the  input  power,as  is  the  ease  with  a  sii^le  U^it  bulb  filament. 

A  different  situation  exists  for  the  thermionic  generate  eoUeetors,  however. 

In  that  they  usually  constitute  a  larger  mass  whldi  must  be  strong  enou|^  to 
serve  as  the  mounting  base  for  the  converter  assenbly  and  must  have  conduction 


paths  of  sufficient  cross  section  to  carry  beat  frcu  the  collecting  surfeice  to 
the  radiating  surface.  For  a  converter  suitable  for  cyclic  operation  there  are 
three  approaches  which  may  be  tciken  In  designing  a  suitable  anode.  The  first  Is 
to  make  the  anode  meiss  very  small  so  as  to  reduce  Its  heat  capacity  and  keep 
warmup  time  to  a  minimum.  The  use  of  high  emlsslvlty  radiator  surfaces  to 
minimize  the  required  area  and  a  meted  with  light  weighty  good  conductivity^ 
euid  low  heat  capacity  will  gpreatly  assist  In  rapid  warmup.  The  second  approach 
Is  to  build  a  large  heat  capacity  Into  the  collector  radiator  by  using  large 
masses  of  hlgh-heat-content  SMterlals  or  even  by  using  the  latent  heat  content 
of  various  elements.  With  this  approach,  then,  It  may  be  possible  to  prevent 
the  collector  tesgjerature  fron  dropping  below  the  point  \Aiere  reasonable 
operation  can  be  expected  Immediately  following  the  shade  portion  of  the  orbital 
cycle.  A  third  approach  consists  of  the  use  of  two  xaaiberB  to  constitute  the 
collector.  In  this  Instance  the  collector  Is  coiq>led  to  a  larger  radiator  autss 
by  the  pressure  exex’ted  by  bimetalUe  clips.  If  the  collector  begslns  to  cool 
down,  the  bimetal  clip  dlsengagtes  the  radiator  and  thereby  retards  the  loss  of 
thexval  energgr  from  the  coUeetor.  Other  methods  of  shielding  the  collector- 
radiator  during  the  shade  portion  of  the  cycle  nay  also  prove  effective  In 
maintaining  operational  te^peratujres  by  limiting  radiation  losses. 

For  systems  proposed  In  the  1  to  10  KW  gprotqplng.  It  Is  more  desirable  to 
construct  a  simple  U^t  wel^xt  generator.  This  means  the  collector-radiator 
will  be  built  with  mlnlnuni  mass  and  heat  storage  capacity.  T3>e  conduction  i>ath 
will  be  a  ninlmiai  consistent  with  strength  and  sounting  requirements.  The 
radiator  shall  be  designed  with  the  highest  possible  emlsslvlty  surface  and 
mlntmHm  area.  No  thermal  control  as  such  need  be  provided  because  the  con¬ 
verters  are  relatively  Insensitive  to  collector  temperature.  This  ahqpUflcatlon 
and  weight  saving  will  more  thsn  compensate  for  the  slight  attendant  loss  of 
performance. 

With  the  strong  dependence  the  converter  has  on  cesium  temperature  and  v^por 
pressure,  this  control  area  reqjoires  very  careful  consideration.  Mille  test 
data  has  shown  that  coUeetor  temperature  may  be  varied  by  as  much  as  200  to 
300^K  without  changing  converter  efficiency  and  ou^t  by  more  than  a  few 
percent.  It  haa  also  shown  that  eesims  tsiqperature  must  be  held  to  within  20  or 
30^  to  provide  the  same  limits  on  performance  variation.  Furthermore,  it  is 
very  desirable  to  have  the  cesium  pressure  at  the  desired  operating  level  to 
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assist  in  rapidly  attaining  thermal  equilibrium  within  the  converter  and  to 
prevent  excessive  teoqperatures  or  thermal  stresses  from  developing  In  the 
emitter.  It  has  been  pointed  out  that  the  emitter  heats  very  rapidly  when 
Irradiated.  ISie  presence  of  the  proper  cesium  plasma  will  permit  the  Immediate 
transfer  of  electrons  from  the  emitter  to  the  collector  surface.  This  action 
greatly  limits  emitter  teaqperature  by  the  process  of  electron  cooling.  Transfer 
of  large  quantities  of  heat  to  the  collector  at  relatively  low  emitter  tempera¬ 
tures  rapidly  raise  the  temperature  of  the  collector  and  radiator,  and, of  course, 
make  a  significant  amount  of  power  available  to  the  vehicle  system.  With  the 
obvious  advantages  of  being  able  to  limit  temperature  excursion,  reduce  tenqwra- 
ture  gradients  and  thermal  stress,  rapidly  attain  thermal  equilibrium  and  power 
output,  It  seems  very  desirable  to  have  the  cesium  tenperature  maintained  sis 
closely  as  possible  to  the  optimum  value  during  stsurtup  and  operation. 

The  control  of  cesium  temperature  can  be  approached  In  many  ways.  Die  problem 
here  Is  somewhat  different  than  with  the  collector  because  the  nmss  evolved  Is 
much  less  axid  the  controlled  temperature  level  Is  much  lower,  nie  simplest 
concept  In  establishing  cesium  temperature  Is  to  size  the  conduction  path  from 
the  converter  assembly  to  the  cesium  reservoir  to  transfer  sufficient  heat  to 
Just  equal  the  heat  radiated  by  the  reservoir  at  the  design  tenperature.  The 
approach  can  be  easily  achieved  If  the  converter  Is  In  equilibrium  and  the 
environment  Is  static.  This  Is  not  at  all  the  case  with  an  orbital  application 
of  thermionic  conversion  where  the  background  radiation,  concentrated  radiation, 
converter  operation,  collector  radiator  temperatures,  etc.,  are  all  varying 
as  the  system  cycles  through  sun  and  shade  conditions.  More  sophisticated 
controls  are  therefore  necessary  to  maintain  proper  temperature  In  the  cesium 
reservoir.  As  with  the  collector  there  are  severeJ.  heat  storage  techniques 
that  may  help  limit  the  excursion  In  cesium  temperature  during  the  shade  portion 
of  the  cycle.  In  addition  there  Is  the  possibility  of  using  a  conduction  path 
modulator  control  or  using  electrical  heatlxig  In  conjunction  with  a  temperature- 
sensing  or  blmstal  switching  circuit.  Another  approach  Is  to  reduce  the  heat 
capacity  of  the  reservoir  and  place  It  In  a  position  where  It  will  Intercept  a 
portion  of  the  concentrated  energy  directed  at  the  emitter.  With  this  scheme 
It  would  be  necessazy  that  the  cesium  zmservolr  be  heated  rapidly  to  an  equilib¬ 
rium  teiqwrature  so  that  sxifflclent  vapor  Is  present  by  the  time  the  emitter 
attains  operating  temperature. 


All  of  tbe  control  approaches  listed  are,  of  course,  dependent  upon  the  con¬ 
verter  being  at  a  teogmrature  at  leant  as  great  as  the  minimum  reservoir 
tenqperature  encountered  in  the  cycle.  It  foUovs  then  that  whatever  design  Is 
selected  for  the  system,  the  collector  temperature  must  be  maintained  above  the 
desired  cesium  tenperature  or  elevated  to  that  temperature  very  rapidly. 

Actual  solar  tests  with  the  cublced.  cavity  generator,  as  shown  In  Figure  3*6.6, 

Indicate  that  the  tenperatiore  of  generator  collector-radiator  will  be  redsed 

above  the  critical  minimum  cesium  reservoir  tenperature  of  300°C  In  less  than 

five  minutes  after  a  cold  stcurb  at  room  temperature  with  about  a  700  watt  Input. 

The  cesium  reservoir,  however,  requires  almost  30  minutes  to  reach  the  same 

tenperattire.  With  the  time  response  of  the  collector  radiator  unchanged,  a 

2 

power  Input  with  a  130  watt  per  ft  solar  constant  would  penult  attaining  the 
minimum  300°C  point  In  approximately  two  minutes.  It  follows  that  nearly  full 
power  output  can  be  realised  In  two  minutes  If  the  cesium  reservoir  temperature 
can  also  be  elevated  to  300^0  or  better  at  the  same  time.  To  Insure  this  In 
systems  specified  for  the  1  to  10  KW  range.  It  Is  necessary  to  provide  electrical 
heat  Input  for  the  cesium  reservoirs.  The  heaters  will  be  thexnostatlcally 
controlled  to  supply  the  few  watts  of  power  normally  required  to  maintain 
proper  tenperature.  The  thezmoswltehes  will  be  set  at  the  low  end  of  the 
cesium  reservoir  tenperature  band  so  that  electrical  power  Is  added  only  with 
the  reservoirs  subtly  below  the  pptlmia  set  i>olnt.  During  full  power  operation 
the  reservoirs  will  be  designed  to  reach  an  optimum  equilibrium  tenperature  with 
the  heat  coxiducted  down  the  reservoir  connecting  tvibulatlon  from  the  collector. 

Saeh  reservoir  heater  and  switch  will  be  shunted  across  Its  own  converter 
assembly.  In  this  way  tbs  converters  can  provide  added  i>owsr  to  the  heaters 
to  accelerate  the  waxmp  process  and  the  batteries  can  heat  all  reservoirs 
during  the  shade  cycle  since  the  gexierators  will  remain  on  the  line  during  this 
time.  The  heater  and  switch  circuitry  Is  shown  schematically  In  Figure  3*6. 7> 
With  prqper  desi^i  the  reservoirs  will  be  held  at  approoclmately  260°C  to  300°C 
with  the  thexmoswltch  set  to  operate  at  33X>°C.  Duirlng  the  sun  portion  the 
reservoir  will  reach  an  optimum  tamperature  of  322°C  with  no  electrical  power 
drain. 
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CUBICAL  CAVITY  GENERATOR  THERMAL  RESPONSE 
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The  advantage  of  using  electrical  heaters  Is  Imnedlately  apparent  If  one 
considers  that  for  a  l.$  KW  systen  the  heater  power  required  at  2  watts  per 
heater  for  30  minutes  Is  only  7200  watt  minutes,  which  can  be  supplied  In  less 
than  2-1/2  minutes  of  sun  operation  with  the  thermionic  generator  output  of 
2900  watts  u  would  be  required  for  an  orbital  application  with  battery  storage. 
Without  reservoir  heaters  an  estimated  I6  minutes  would  be  required  to  attain 
near  full  power  operation  which  then  constitutes  a  loss  of  39>000  watt  minutes 
to  the  vehicle  system. 


3.6. U  Electrleal  System  ControlB 

To  function  prqperly,  a  80laz*.povered  thermionic  generating  system  for  an 
orbital  application  has  need  for  several  electrical  control  ccnoponents  and 
control  systems.  A  thermionic  power  conversion  system  must  be  capable  of 

(1)  delivering  the  power  necessary  to  satisfy  the  vehicle  requirements, 

(2)  charging  a  battery  bank  needed  to  sustain  the  system  during  shade  operation, 
and  (3)  making  up  the  power  dissipated  in  any  conversion  or  control  equipment. 
ISie  system  is  further  conplicated  by  the  fact  that  a  3^-33  minute  sun-shade 
orbital  cycle  is  involved,  and  the  system  load  is  subject  to  variations  from 
Kero  to  full  power  at  any  time. 

To  assist  in  the  development  of  a  suitable  control  system,  it  is  first  necessary 
to  evaluate  the  hardware  that  is  currently  available,  iniis  hardware  includes 
batteries,  DC-DC  conversion  devices,  regulation  devices,  and  power  dissipating 
devices. 

The  overall  electrical  control  hardware  requirements  for  a  typical  system  with 
battery  storage  and  cyclic  operation  may  be  sumnarized  as  follows: 

1.  System  voltage  regulation  control. 

2.  System  load  demand  sense. 

3.  Abnormal  load  demand  sense. 

4.  Generator  power  output  sense. 

5.  Battery  charge  rate  control. 

6.  Battery  charge  level  sense  and  control. 

7.  Battery  discharge  voltage  control. 

8.  DC^  converters. 

9.  Auxillazy  load  bank. 

The  desl0i  of  an  efficient  systesi  will  coibine  the  functions  of  sensing  and 
control  mechanisms  and  integrate  the  logic  network  so  far  as  possible  to 
minimize  controls  veii^t,  volume  and  power  requirements. 


Ih  the  operation  of  the  conversion  system,  it  will  be  essential  that  load  power 
remain  reasonably  constant.  In  the  region  of  the  design  point,  most  converters 
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operate  as  constant  i>ower  devices  and  will  adjust  voltage  or  current  output  to 
aaintaln  power  output  with  minor  variations  In  load  Inqpedance.  If  load  Is 
removed  or  greatly  reduced,  however,  the  converter  Is  subjected  to  severe 
thermal  transients.  The  emitter  temperature  will  rise  very  rapidly  and  emitter 
work  function  will  change  greatly  due  to  the  removal  of  cesium  atons  from  the 
heated  surface.  In  this  ease,  even  when  the  load  Is  restored.  It  requires  same 
time  before  normal  operation  can  be  resumed,  inils  teagierature  excursion  Is 
conducive  to  thermal  stressing  of  other  components,  cracking  of  the  emitter 
structure,  and  rapid  evaporation  of  the  emitter  material.  Thla  evaporation  Is, 
of  course,  undesirable  because  It  deposits  on  vehicle  structure  and  solar 
concentrators  outside  the  converter  and  coats  the  collector  with  a  higher 
emlsslvlty  surface  within  the  converter.  Both  actions  cause  a  reduction  In 
system  performance  and  efficiency.  Also,  the  voltage  regulation  characteristics 
of  the  thermionic  generator  will  necessitate  the  use  of  soa^  voltage  regulation 
device  In  order  that  a  specified  system  voltage  be  madntalned.  Since  fuel 
consunptlon  at  part  load  la  no  problem,  but  peak  load  capaielty  Is  limited  with 
solar^owered  systems,  a  shunt  type  parasitic  load  Is  the  best  voltage  regulating 
device.  TMs  type  of  regulator  draws  a  minimum  of  power  at  full  system  load 
and  works  well  with  generators  having  poor  regulation.  In  this  ease,  an  aiuclUary 
load  will  serve  two  purposes,  voltage  regulation  and  generator  load  stabilization. 

Several  design  approaches  are  possible  for  the  auxiliary  load  and  control.  ITie 
use  of  hlgh*teaperature,  hlgh^watt-denslty  radiators  Is  suggested  In  any  event 
to  minimize  wel^t  and  bulk.  The  size  and  voltage  regulation  requlronents  of 
the  vehicle  system  will  dictate  the  controls  circuitry  design.  For  smeller 
power  systems  It  appeeurs  possible  to  use  a  simple  stepping  motor  and  hermetically 
sealed  comnutator  to  step  In  or  out  the  required  load  Increments  necesseuy  to 
provide  regulation.  This  stepping  arrangement  Is  felt  suitable  because  the 
thermal  response  characteristics  of  the  generators  are  sufficiently  long  to 
prevent  any  truly  Instantaneous  voltage  changes  due  to  system  load  varlatlona. 

A  stepping  motor  and  low  frequency  sampling  network  can  easily  keep  pace  with 
the  anticipated  rates  of  change. 

For  large  power  systems  or  close  regulation  requlrements,heavler  and  higher 
speed  mag-amp  or  controlled  rectifier  type  gates  nay  be  used  to  regulate  load 
bank  power  dissipation. 


Where  secondary  batteries  are  used  to  stjpply  pover  In  the  shade,  voltage 
regulation  of  their  output  will  be  required  during  at  least  part  of  the  shade 
tine  to  protect  the  system  from  the  hlg^  tenilnal  voltage  developed  near  full 
charge.  A  voltage-dropping  resistor  will  fulfill  this  requirement  with  a 
minimum  energy  loss.  It  may  be,  however,  that  In  many  eases  the  battery  dis¬ 
charge  voltage  regulation  can  also  be  Insured  by  the  auxiliary  load  recommended 
for  voltage  control  and  stabilization  of  the  generator  system.  Since  the 
period  of  high  Initial  battery  discharge  voltage  Is  short.  It  may  be  possible 
to  reduce  the  voltage  to  the  system  by  slnply  loading  \g)  the  batteries  with 
the  axuciUary  load  bank.  The  pover  associated  with  the  high  Initial  voltage 
will  have  to  be  dissipated  paraaltlcally  In  any  ease,  and  If  the  batteries  can 
be  shown  to  withstand  the  higher  Initial  current  drain  without  excessive 
heating  or  deterioration  of  cycle  life,  the  controls  hardware  requirement  will 
be  sliqpllfled. 

■Oie  selection  of  batteries  suitable  for  a  one^rear  orbital  application  Is 
limited  and  Sll-Cad  seems  most  acceptable.  General  specification  for  Sll-Cad 
batteries  Include  the  capability  of  obtaining  77^  charge  efficiency,  sufficient 
cycle  life  with  moderate  derating,  and  a  good  watt-hour  per  pound  figure. 
Typical  discharge  and  charge  characteristic  curves  for  Sll-Cad  batteries  are 
shown  In  Figures  3>6.8  and  3*6. 9>  resi>ectlvely. 

For  charging  secondaxy  batteries,  a  voltage  higher  than  system  voltage  Is 
required.  This  voltage  may  be  obtained  by  placing  In  series  with  the  line 
an  additional  generator.  This  generator  may  consist  of  either  a  group  of 
thermionic  generating  nodules  or  a  DC-DC  converter  which  draws  Its  power  from 
the  28  volt  line.  The  latter  choice  Is  preferred  because: 

1.  The  cddltlonal  generating  modules  cannot.  In  general,  be 
made  the  sane  size  axid  power  as  the  other  system  modules. 

2.  The  gains  In  reliability  adileved  by  the  serles^parallel 
oaaneotlon  of  system  modules  would  not  apply  to  the 
additional  generating  modules. 

3.  The  DC*^  converter  can  be  conveniently  coeblnad  with  a 
battery  charging  regulator  and  the  system  voltage  regulator. 
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l%e  iMt  Item  regarding  the  Integration  of  a  battery  charging  control  is,  of 
course,  necessary  because  of  the  variation  in  terminal  voltage  which  results 
from  the  ftViangiwg  charge  state.  One  of  the  recomnended  charging  methods  is 
to  control  the  current  at  a  predetermined  level.  For  the  battery  charge 
characteristics  shown  in  Figure  3*6.9  s  current- limited  control  that  held 
to  amps  as  the  maximum  level  would  be  satisfactory.  Such  a  charge  current 
coixtrol  may  be  built  into  the  DC-DC  converter  used  to  obtain  the  tapping  volt¬ 
age.  Such  a  converter  circuit  is  shown  in  the  block  diagram(Flgure  3*6. 10) 
and  schematically  in  Figure  3>6.11.  ^tls  converter-current  limiter  clrctilt  has 
been  used  successfully  by  Thompson  Ramo  Vtooldridge  for  several  similar  control 
applications. 

Figure  3*6.12  presents  a  state-of-the-art  summary  of  DC-DC  converter  efficiency 
weight  and  volume  as  a  function  of  iiq;mt  voltage.  M.th  the  inoorporatlon  of 
the  current  feature  dlsexxssed,  these  curves  will  require  an  upward 

adjustment. 

Ifumerous  system  and  control  concepts  are  possible.  Ibe  control  scheme  selected 
and  Integrated  with  the  vehicle  system  and  generating  system  is  strongly  depend¬ 
ent  upon  the  specific  mission  requirements.  While  it  is  impossible  to  pxmsent 
all  systems  and  controls  cooibinations,  several  typical  approaches  can  be 
presented  for  comparative  evaluation,  nie  two  circtilts  shown  in  Figure  3*6.13 
are  suggested  for  spplication  in  a  1*5  KW  system.  Idle  first  circuit  iwes  a 
DCtoC  converter  to  provide  a  regulated  27*5  volt  ou'^t  with  an  input  of 
approximately  21  volts.  The  battery  charging  voltage  is  I.U5  volts  per  cell 
and  the  discharge  voltage  1.10  volts.  These  voltages  have  the  ssaw  ratio  as 
system  voltage  and  thexmlonlc  generator  voltage.  In  this  instance  the  27*5 
volts  is  l^ressed  on  the  system  load  and  the  battery  bank  during  the  sun 
portion  of  the  cycle.  During  the  shade  portion,  the  output  of  the  thermionic 
converter  disappears  and  the  loss  of  voltage  drop  across  R1  causes  the  battery 
bank  to  be  switched  to  supply  the  DC^  converter.  The  auxiliary  load  is 
sensitive  to  Hue  voltage  so  as  to  respond  by  applying  load  when  the  voltage 
rises  towards  the  upper  limit  maintained  by  the  regulator  circuit  in  the  DCtoC 
converter.  This  rise  in  line  voltage  would,  of  course,  be  relmtad  to  the  system 
load  levels.  Also,  there  is  a  provision  in  the  battery  dunging  control  to 
place  the  battery  on  standby  when  full  charge  is  readied*  The  power  absorhad 
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during  battery  charging  la  then  abaorbed  by  the  auxiliary  load.  The  total 
pover  output  of  the  DC-DC  converter  la  held  nearly  conatant  at  27.^  volta  and 
the  Input  to  the  converter,  whether  from  the  battery  aupply  or  the  themlonlc 
generator,  la  held  nearly  conatant  at  21  volta. 

The  aecond  circuit  utlUzea  an  identical  battery  charge  control  and  auxiliary 
load  bank  but  only  a  email  unregulated  DC-DC  converter  to  aaalat  In  obtaining 
the  voltage  required  to  charge  the  batterlee  during  the  aun  portion  of  cycle. 

The  aupply  voltage  In  thla  caae  la  more  dependent  upon  the  gain  of  the  auxiliary 
load  and  the  batterlea  or  the  generator  aa  a  relatively  atable  voltage  source. 

Although  other  circuits  similar  to  Circuit  1  can  be  devised, the  second  circuit 
la  deemed  superior  for  several  reasons.  The  power  requirement  placed  on  the 
thermionic  generator  in  Circuit  #1  la  Icurger,  and  the  converter  regulator 
circuitry  la  more  ecaQ>llcated  and  less  efficient  aa  la  shown  by  the  following 
calculations. 

Circuit  1 

The  generator  la  assumed  to  generate  full  power  in  one  minute  after  entry  Into 
the  sun.  And  from  Figure  3.6.12,  the  DC>DC  converter  will  be  84^  efficient. 

The  generator  power  output  may  be  calculated 


where  P. 


g 


N 

c 

«b 


generator  power  watts 

system  power  1300  watts 

sun  period  34  minutes 

shade  period  36  minutes 

DC-DC  eonverter  efficiency  84^ 

battexy  charging  efficiency  TTf 

charging  and  auxiliary  load  control  power  13  watts 
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Circuit  2 


«b  ®c  "'d 


2878  watts 


wbere 

E  ■  system  volts  27  >5  volts 

O 

E  >  charging  voltage  38.3  volts 
0 

>  Unregulated  DC-DC  cMiverter  efficiency  83^ 
with  current  Uniting 


It  can  he  seen  that  only  the  topping  voltage  (E  -  E  )  la  produced  hy  the 
DC^X;  converter  and  that  only  this  portion  of  the  charging  voltage  la  svtbject 
to  the  losses  associated  with  converter  efficiency.  Also,  since  the  topping 
voltage  Is  used  only  In  hattezy  charging  there  Is  little  coneem  over  regula¬ 
tion  except  In  the  gross  sense,  and  there  Is  no  need  for  a  filter  network  to 
Insure  a  quality  DC  output  to  the  system.  system  receives  a  nearly  pure 
DC  from  either  the  generator  or  hatterles  and  In  both  eases  the  regulation 
will  be  very  good  %rlth  totid  load  power  held  relatively  constant. 

Heat  Rejection 

The  proper  operation  and  life  req^ilrements  of  the  batteries  apd  associated 
electronic  control  hardware  Is  dependent  upon  the  maintenance  of  a  reasonable 
teaperature  envlranment  In  space.  Based  on  the  charging  efficiency  of  Sll-Cad 
batteries  of  Tftf  It  can  be  shown  that  about  430  Btu/hr  must  be  rejected  to 
prevent  a  temperature  buildup  In  the  batteries  for  each  kilowatt  of  system 

Q 

capacity.  With  a  maximum  operating  temperature  of  100  P  specified  for  Sll-Cad 
batteries,  the  heat  rejection  area  required  for  direct  radiant  power  dissipation 
can  be  estimated. 


where 


^  >  Boltzoann  Constant 
^  >  .9  emlsslvlty 

Die  surface  area  of  a  single  battery  ease  sized  for  a  1  Ktf  system  load  Is 

2 

calculated  to  be  approximately  3*6  ^  •  It  follows  that  the  heat  can  be 
rejected  satisfactorily  by  radiation  alone.  The  above  estimate  neglects 
added  heat  inputs  from  the  sun  and  earth  or  the  rest  of  the  power  or  vehicle 
system,  but  Is  still  Indicative  of  the  ability  of  a  storage  system  to  operate 
without  recourse  to  an  atuclUary  heat  rejection  system.  Die  surface  area  to 
storage  capacity  ratio  will  also  suffer  as  the  size  of  the  system  Increases 
towards  the  10  KW  level,  but  It  Is  not  anticipated  that  a  serious  problem  will 
arise.  Actually,  the  vehicle  frame  and  hellonlc  system  structure  to  which  the 
batteries  are  mounted  can  also  be  useful  In  rejecting  excess  heat. 

Die  rejection  of  heat  In  the  electronics  packages  Is  somewhat  simplified  because 
the  permissible  operating  environment  Is  considerably  hlc^r  than  the  lOO^F 
specified  for  the  batteries.  Die  most  critical  electronic  coa^onents  are,  of 
course,  the  semieonduetors  used  In  the  control  on  logic  circuitry.  Die 

specification  of  silicon  cooponents  raises  the  operating  teoperatures  to  over 
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125  C)  thereby  allowing  a  power  dissipation  at  the  rate  of  123  watts  per  ft 

with  an  emlsslvlty  of  .9<  It  is  fulte  certain  that  the  nosdnal  power  require¬ 
ments  of  the  controls  hardware  will  not  present  a  problem.  Again  It  should  be 
easily  possible  to  maintain  proper  operaUng  teiperatures  by  controlling 
emlsslvlty  and  radiation  from  the  controls  container  or  the  vehicle  frame. 

In  both  eases,  however,  a  critical  heat  balance  calculation  will  be  required 
for  any  proposed  system  to  Insure  proper  heat  flux  and  freedom  from  localised 
hot  spots. 


16$ 


I 


i^.0  PARAMETRIC  DESIGN  STUDY  FOR  SOLAR  THERMIONIC  POWER  SYSTUtS  IN 
THE  1  TO  10  KW  RANGE 

System  Design  Philosophy 

The  basic  objective  of  the  solar  thermionic  system  Is  to  provide  regulated 
DC  power  to  a  loeul  at  28  volts.  The  amount  of  power  to  be  provided  depends  on 
the  load  specified.  This  study  Investigates  systems  providing  loads  In  the 
1  to  10  XW  range. 

One  of  the  design  objectives  has  been  specified  as  10  per  cent  efficiency  for 
the  system.  Because  of  the  difficulty  of  attaining  this  objective  coapared 
with  other  objectives.  It  assumes  the  status  of  a  guiding  design  criterion. 
However,  the  effort  to  obtain  efficiency  must  be  tempered  with  the  practiced 
consideration  of  system  weight.  Efficiency  Is  not  Important  from  a  fuel 
consuiqptlon  standpoint  since  the  system  Is  powered  by  solar  energy,  but  It  Is 
Important  from  the  standpoint  of  system  site,  both  stowed  and  extended.  Large 
size  has  Its  disadvantages  relative  to  stowage  volume  and  vehicle  Inertia  In 
orbit.  The  optimum  power  system  Is  sonewhere  between  the  maximum  efficiency 
system  and  the  minimum  weight  system,  the  exact  location  depending  on  poorly 
defined  tradeoffs  between  weight  and  size.  Tbe  problem  of  optimization  is  not 
as  serious  as  It  might  first  appear  since  there  Is  some  mutual  consistency  In 
:?educlng  both  wel^t  and  size.  l%e  best  approach  appears  to  be  to  design  for 
maximum  efficiency  using  lightweight  materials  and  construction  methods. 

Since  the  thezmionic  converter  is  a  low  voltage  device  (about  one  volt),  the 
methods  of  obtaining  line  voltage  must  be  considered.  The  alternatives  are 
(l)  the  use  of  a  DC-DC  converter  to  obtain  the  voltage,  and  (2)  series 
operation  of  a  sufficient  nusiber  of  thenionlc  converters  to  obtain  line 
voltage.  The  power  loss  associated  with  static  DC-DC  conversion  is  quite 
hl|h»  especially  with  low  input  voltages.  The  series  operation,  therefore, 
is  to  be  preferred  from  an  efficiency  standpoint  and,  for  the  reasons  discussed 
above,  will  be  used  wherever  possible.  Systems  in  the  1  to  10  Ktf  range  operating 
at  10)(  efficiency  in  the  specified  ofbit  will  require  solar  coUeetion  areas  of 
126  to  1200  square  feet.  Precision  solar  concentrators  of  this  size  are  beyond 
the  state-of-theHurt. 
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Obtaining  the  required  area  with  a  folding  concentrator  Is  not  feasible  because 
of  the  loss  of  precision  associated  with  the  folding  mechanism.  The  solar 
collection  area  may  be  obtained  without  loss  of  precision  by  dividing  the  area 
between  smaller  stowable  one-piece  concentrators.  This  approach  Is  consistent 
with  that  of  dividing  the  line  voltage  requirement  between  a  multiplicity  of 
thermionic  converters.  Thus>  the  system  will  consist  of  modular  generating 
units,  each  module  being  conposed  of  a  precision  soleu:  concentrator  and  Its 
associated  thermionic  generator. 

With  the  modular  concept,  the  system  design  problem  Is  one  of  choosing  a 
module  size  and  an  arrangement  of  modules  which: 

a)  produce  the  required  voltage 

b)  are  readily  stowed  and  deployed 

c)  are  readily  fabricated 

d)  can  be  adapted  to  various  power  levels  In  the 
1  to  10  KW  range  with  a  n>■^n^Ttn^1n  of  change. 

Figure  U.l  Illustrates  the  functional  block  diagram  which  has  been  developed 
for  the  parametric  analysis  of  hellonlc  power  systems.  The  significant 
Input  and  output  parameters  of  each  of  the  system's  functional  parts  are 
Indicated  alongside  the  appropriate  flow  lines,  while  the  significant  deslgi 
parameters  are  Indicated  In  each  block.  Figure  4.1  is  followed  by  a  list  of 
the  equations  used  In  the  program  and  a  nomenclature  of  the  terms  and  defini¬ 
tions  used  in  the  study. 

Development  of  the  system  performance  equations  Is  straightforward.  The 
definition  of  caqranent  characteristics  is  based  on  a  variety  of  assusptlons 
and  data  as  sumsarized  in  Section  3*0  of  this  report.  Thus,  the  thermionic 
converter  characteristics  were  obtained  by  flttlzig  laboratory  test  data  to 
empirical  equations  idille  the  solar  concentrator  paraawters  result  from  rigidity 
analyses,  and  the  DC-to-DC  static  converter  characteristics  were  defined  by 
fitting  analytic  curves  through  the  best  estimate  available  on  the  state  of 
the  art  for  these  devices.  It  is  assoaed  that  no  DC-to^  converter  would  be 
required  if  the  system  output  voltage  is  in  the  range  of  26  to  29  volts  DC  . 

The  battery  charger  characteristics  were  assumed  to  be  similar  to  the  static 
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converter  etaaraeteri sties,  since  the  charger  would  probably  consist  mainly  of 
a  converter  to  attain  the  required  voltage.  The  characteristics  of  silver- 
cadmium  storage  batteries  were  obtained  from  the  data  available  from  programs 
currently  studying  batteries  for  similar  applications.  Weight  of  the  module 
deployment  structure  is  based  on  an  analysis  treating  this  structure  as  buss 
bars. 

One  of  the  inputs  to  this  program  is  tabular  data  of  the  solar  power  distribu¬ 
tion  in  the  solar  concentrator  focal  plane.  This  data  is  obtained  from  a 
separate  modified  paeudosun  congputer  program  developed  for  analysis  of  solar 
concentrators.  This  program  considers  such  effects  as  solar  limb  darkening, 
concentrator  mlsorlentatlon,  concentrator  surface  Inaccuracies,  and  apparent 
solar  diameter,  as  was  discussed  in  detail  in  Section  3- 3* 

The  major  input  vaurlables  to  the  system  parametric  analysis  program  are  the 
solar  concentrator  diameter  and  rim  angle,  the  number  of  thermionic  converters 
per  module,  and  the  system  power  output.  Possible  module  interconnection 
schesies  could  be  examined  for  each  combination  of  input  variables. 
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4.1  Main  Progr—  EqwtioM 
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^•2  System  Selection  Auxiliary  Program 


Data  Input  Subroutine 

-  ■a- 


System  performance  parameters  of  each  system  (  W,  ^ ,  A,  V,  C) 


Main  Programs 


1. 


«W 


2.  R-  =  F, 


max 

W 


min 


max 


A  A  A 


3.  R*  =  F 


k. 


max 


V  V 
C 


5*  R»  »  F 


max 


c  c  C 


6.  R  -  R^  +  R^  >  R^  +  Ry  + 


Printout  Subroutine 


Performance  rating  for  each  system  (R,  R^,  R^  ,  R^,  R^,  R^) 
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U.3  nomenclature 


a^  EffeetlTe  absorptirltj  of  conTerter  oavltgr 

A  Area  occupied  by  deployed  system  (ft  ) 

b  Width  and  depth  of  ccsicentrator  support  ring  (ft) 

C  Overall  cost  of  heUmio  power  system 

Cost  of  final  assembly  and  test  of  power  system 

C^  Coet  of  energy  storage  batteries 

Cost  of  battery  charger 

C^  Cost  of  fabricating  one  thermionic  diode 

°da  Cost  of  fabrioating  a  diode  oonverter  subaasemUy 

C^  Cost  of  elsctrloal  controller 

C^  Cost  of  do  •  to  •  do  statio  oonverter 

C^  Coot  of  hsUonio  module 

C_  Cost  of  parasitlo  load 
P 

C^  Coet  of  fabrioating  solar  eoooentrator 
C^^  Coot  of  struoture,  asssably,  and  teeting  for  heliomle 
module  subasseal>]y 

4^  Diameter  of  oonverter  cavity  aperture  (ft) 

D  Diamster  of  solar  ooneentrator  (ft) 

e.  Iffoetive  enlssivity  of  eonverter  cavity 
o 


Rated  «att>hour  output  of  storage  batteries 
f  Foeal  length  of  aolar  concentrator  (ft) 

Performance  weighting  factor  for  deplpyed  area 
F.  Performance  weighting  factor  for  svetem  cost 
F^  Performance  weighting  factor  for  stowed  Tolume 
F^  Performance  weighting  factor  for  ajetem  weight 

Performance  weighting  factor  for  eyetem  reliability 
I  Syatem  load  current 

Helionic  module  current  output 


K  .  Constant  for  cost  of  s/atem  assembly  and  testing 
1^  Deployment  area  space  factor 

Constant  for  cost  of  energy  storage  batteries 
K^2  Specific  Tolume  of  storage  batteries  (ft^^*hr) 


1^2  Constants  for  efficiency  of  battery  charger 
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/Constanta  for  cost  of  battery  charger 

“cej 

Speelfie  toIuim  of  battery  charger  (ft^A^) 


^11 


^12 


/Constanta  for  effioieney  of  static  eonrortor 


Constants  for  weight  of  static  converter 


'iU 
*15 

hi] 

*19  Specific  voluae  of  static  converter  (ft^/lb) 

Ratio  of  weight  of  Bodule  deplojrasnt  eras  to  total 
weight  of  helionlc  ■odulss 


Constanta  for  ooat  of  static  converter 


3“ 


teats  for  weight  of  parasitic  load 


onatants  for  coot  of  paraaitic  lead 


Spaelflo  voloias  of  parasitie  load  (ft^A) 


1^  Specif Ic  cost  of  adar  coneeatrator  fabrleatlon  (V^t  ) 

K  .  Constant  for  ooat  of  halicnlc  aodwla  stmetaral  alsasnta. 


asaaahly,  and  tasting 
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Comtant  for  weight  of  aywtM  intaroonnaotlng  eablaa  (lb  wolta/v) 


Stowage  ToluM  apace  factor 

Conatant  for  thlokneaa  of  aolar  concentrator 

Conatanta  for  ahadlng  of  aolar  concentrator 

Vunbor  of  themlcnlo  diodea  per  helionlo  nodule 
Hunber  of  helionio  nodulee  In  eyeten 
NLninun  aunber  of  operating  nodulee  required 
Nunber  of  nodulea  connaetod  in  parallel 
Nundter  of  nodulea  connected  in  aeriea 
Syatan  output  power  (watte) 

Power  aupplied  to  atorage  batteriea  (watte) 
li^t  power  to  battery  charger  (watte) 

Fooal  plane  power  within  oaTlty  aperture  (watte) 

Power  awailable  in  aolar  coneentrator  fooal  plane  (watte) 
Power  iiqput  to  ayaten  atatlc  eonwerter  (watte) 

Pow«r  output  fron  a  holionie  nodule  (watte) 

Net  themal  power  available  to  helionio  nodule 


tbendonle  eonverter  aaaanbljr  (watte) 


Poirar  dlMlpatAd  In  syatM  puraaltle  load  (watts) 

Powar  radlatad  bjr  radiator  of  halionlo  modula  tharalonle 
eonyarter  aasaablj  (watts) 

Powar  raradlatad  from  osTlty  apartura  (watts) 

Powar  Input  to  tha  hallofiie  aodula  tharml  anargy  atorsfo 
(if  usad)  (watts) 

Walghtad  ayatan  parforaanea  rating 
Vaightad  ayatan  daployaant  araa  rating 
Walghtad  ayatan  cost  rating 
Walghtad  ayatan  stowaga  Toluna  rating 
Walghtad  ayatan  walght  rating 
Wali^tad  ayatan  rallablll^  rating 
Solar  oonstant  (watta/ft^) 

Una  In  sun  par  orbital  parlod  (hours) 

Tina  In  aarth's  uabra  par  orbital  parlod  (hours) 

Total  nlsslon  duration  (hours) 

Thamloalo  dloda  anlttsr  tanparatura  (^E) 

Systan  load  woltogs 
Output  Tdltaga  par  thandonio  dloda 
Infmt  Toltaga  to  systan  statie  eomrartar 
Tdltaga  ou^t  of  halionlo  aodula 
Tdluns  oeoi^dad  by  stowad  systan  (ft^) 

Tdluns  ot  ansrgy  storaga  battarias  (ft?) 


VoluM  of  do  «  to  •  do  ototie  eomrortor  (ft^) 

VoluM  of  battorj  chargor  (ft^) 

Volume  of  eleotrleal  control  (ft^) 

V^  Stowage  volume  of  hellonlc  module  (ft?) 

Volume  of  parasitic  load  (ft^) 

V  ^  Reciprocal  of  specific  weight  of  batteries  (**^/lb) 

V  ^  Specific  weight  of  diode  cobverter  subasseab3j  (^/w) 
w  ^  Specific  weight  of  diode  erection  arm  (^Vw'ft) 

V  Specific  weight  of  module  deplognisnt  arm  0^/tt^) 

V  ^  Specific  weight  of  solar  concentrator  (^V'ft^) 

w  ^  Specific  weight  of  diode  converter  thermal  control  (^Vft^) 
W  Velght  of  sjrstem  (lb) 

Weight  of  energj  storage  batteries  (lb) 

W^  Weight  of  battery  charger  (lb) 

W.  Weight  of  diode  converter  assembly  (lb) 

on 

^ea  ^  diode  erection  arm  (lb) 

W^o  Velght  of  electrical  controller  (lb) 

W^  Weight  of  system  static  converter  (lb) 

W^  Weight  of  belionio  module  (lb) 

Velght  of  system  parasitic  load  (lb) 
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weight  of  solar  oonosntrstor  (lb) 

Weight  of  diode  CMiverter  thermal  control  (lb) 

Weight  of  system  Interconnecting  cables  (lb) 

Maximum  number  of  failures  which  can  be  tolerated  out  of 

a  parallel  combination  of  modules 

Maximum  depth  of  solar  concentrator  (ft) 

Apparent  solar  diameter  (radians) 

Overall  system  reliability 

Reliability  of  storage  batteries 

Reliability  of  battery  charger 

Reliability  of  a  tiiermlonlc  diode 

Reliability  of  module  erection 

Reliability  of  system  static  converter 

Probability  of  having  (W^^K)  modules  out  of  a  parallel 

combination  of  N  modules  working  at  and  of  misslan 
P 

Reliability  of  a  helionlc  module 

Reliability  of  subeyetem  of  Interoonneeted  helionlc  nodules 
Reliability  of  system  parasitic  load 
Thickness  of  nodule  aolar  concentrator  (ft) 

Ratio  of  the  sun  of  ths  snergy  ou^ts  to  systen  load  and 
parasitic  load  to  the  total  solar  energy  Intereepted 

lOt 


I 


n' 

»?bd 

Yd 

Yi 

Y. 

Yr 

Yrc 

Yv 

TT 

r 


Ratio  of  onorgj  output  to  tho  systM  load  to  tha  total  aolar 
enargy  Intareaptad 

Charga-dlaeharga  afflclanej  of  atoraga  battarlaa 
Efflelanej  of  battarj  ohargar 
Storaga  battarjr  dlaoharga  dapth 
Effloianey  of  tharaionie  dloda 


Effleiaoiej  of  ayataa  atatle  eoonrartar 
Efflelanej  of  hallonle  aodula 
RaflaetlTltj  of  aolar  eoneantrator 
CoUaotorooavltj  afflelanej 
FJaotlon  of  aolar  eoneantrator  not  ahadad 
Rln  angla  of  aolar  eoneantrator 
Polaaon'a  ratio 

Realstlrltj  of  aodula  daplojaant  araa  (oba  ft) 

FTeibabllltj  of  haring  x  falluraa  out  of  a  parallal 

eoablnatlon  of  aodulaa 
P 

Tha  oonatant  3*llil59«  •  • 


Tha  Stafan  -  Boltslaim  oonatant 


(5.2696  X  10"^ 


W 

ft*-(*E)^ 
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MudMm  lolar  eonemtrator  orlMtailon  tirror 
Muclmni  angular  aurfaoa  davlation  on  aolar  eoneantrator 

MOniTIOil 

nl  [x  j  Tha  naxt  intagar  ualua  graatar  than  x  if  x  ia  non-lntagari 

X  If  X  la  Intagar 

no  ^xj  Tha  naxt  Intagar  valua  anallar  than  x  If  x  la  nan-lntogar| 
X  If  X  la  Intagar 
\mx  Tha  mxImm  ualua  for  x 

Vln  Tha  nlnlMwi  ualna  for  x 
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k.k  DlscuBBion  of  Results 

Subsequent  runs  made  vlth  the  program  quickly  Indicated  several  limitations 
on  state-of-the-art  hellonlc  systems,  and  also  suggested  a  reduction  In  the 
scope  of  the  study.  In  many  areas  such  as  reliability  or  system  cost, the 
results  could,  be  considered  meaningless  If  not  misleading.  It  was  Immediately 
apparent  that  no  satisfactory  Information  regarding  these  areas  was  available 
and  the  consequence  of  assunqptlons  made  could  be  completely  unrealistic.  Also, 
the  great  number  of  conditions  and  combinations  possible  with  the  program 
described  made  the  costs  of  pursuing  the  program  prohibitive  In  terms  of 
computer  time  required.  The  preliminary  runs  did  Indicate  that  most  of  the 
extensive  programming  anticipated  would  not  contribute  meaningfully  to  the 
understanding  of  the  state-of-the-art  In  solar  thermionic  systems. 

Practical  considerations  such  as  the  maximum  attainable  diameter  In  state-of- 
the-art  concentrators,  minimum  sizes  for  thermionic  converter  or  generator 
assemblies,  and  the  structural  cogopllcatlons  of  trying  to  utilize  or  deploy 
large  numbers  of  smaller  modular  assemblies  help  to  define  the  limits  for 
hellonlc  systems.  The  practical  range  for  systems  for  orbital  applications 
would  seem  to  be  for  power  ranges  of  from  200  watts  to  3000  watts.  It  Is  also 
shown  In  Figures  4.2  and  4.3  that  for  a  power  requirement  (in  this  case  1.5  XW) 
the  cost  Is  almost  directly  proportlotial  to  the  number  of  modules  used, regard¬ 
less  of  concentrator  diameter.  Also, the  spread  of  points  shown  In  Figure  4.2 
Indicates  the  limited  variation  which  results  from  different  series. parallel 
cosiblnatlons  on  weight.  In  general,  the  effect  on  weight  Is  sufficiently  small 
to  disregard  this  factor  and  specify  systems  designs  based  on  the  most  efficient 
structural  arrangement.  The  weight  of  the  system  Is  also  shown  to  be  directly 
proportional  to  the  number  of  modules.  The  diameter  of  the  module  does  In  this 
ease  make  a  significant  difference,  however.  The  best  results  for  most  systons 
are  obtained  with  concentrators  of  3  to  6  feet  In  diameter  \rtileh  fortunately 
lies  within  the  state-of-the-art  In  concentrator  fabrication  capabilities. 

tnth  the  size  limitation  of  200  to  3000  watts  dictated  by  practical  structural 
consideration  and  the  relative  Insensitivity  of  the  systems  to  various  staek-v^ 
axTsngements,  a  1.0  or  1.5  KW  system  design  can  be  considered  typical  of  all 
practical  hellonlc  systems,  nie  svqpport  and  deployment  arrangnents  nay  vary 
with  the  power  level,  but  the  wel^ts,  costs  and  overall  efficiencies  will 
retain  nearly  the  same  relation  to  the  specified  power  level.  Figure  4.4 
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also  shows  the  typical  relation  between  overall  efficiency  and  the  number  of 
modules.  Again,  the  best  performance  is  observed  with  the  minimum  number  of 
modules  possible.  The  optimum  size  for  the  concentrators  is  close  to  ^  feet. 

Utilizing  a  structure  similar  to  those  shown  in  Figures  and  3-6. 5,  or 

variation  of  these  with  approximately  the  same  structural  weight  to  power 
ratios,  a  summary  of  the  parametric  evaluation  ''s  applies  to  a  1.^  KW  prototype 
system  can  be  carried  out.  The  complete  orbital  power  system  will  include: 

(1)  orientation  systems  to  keep  the  generators  aligned  with  the  sun, 

(2)  batteries  to  store  energy  for  use  during  the  sheded  portion  of  the  orbit, 

(3)  power  regulators  for  both  the  battery  and  the  system  load,  and  (4)  a 
system  for  deploying  the  generators  from  their  vehicle. 

These  figures  show  two  methods  by  which  the  generators  might  be  extended  from 
a  vehicle.  Bach  concentrator  is  held  by  a  ring  which  is  supported  by  a  yoke. 
The  yoke  is  attached  to  the  extension  arm  through  a  gimbal  arrangement  which 
allows  the  concentrator  to  pivot  about  its  focal  point.  The  concentrator  is 
then  aligned  with  the  stm  by  bimetallic  elements  which  become  heated  when  the 
concentrator  is  mlsaimed.  A  developmental  model  of  such  an  orienting  device 
called  a  heliotroplc  mount  was  shown  in  Figure  3*4.4.  The  absorber  containing 
the  thermionic  converters  is  fixed  to  the  extension  arm  at  the  focal  point  of 
the  concentrator. 

Solar  Concentrator  Optical  Performance 

When  a  solar  concentrator  is  aimed  at  the  sun,  the  solar  energy  Intercepted 
will  be  focused  near  the  focal  point  of  the  concentrator.  Stated  in  optical 
terms,  an  image  of  the  sun  will  be  formed  in  the  focal  plane.  The  distribution 
of  the  solar  energy  about  the  focal  point  is  dependent  on  the  following: 

1.  Intensity  distribution  of  the  solar  disc. 

2.  Surface  finish  of  the  concentrator. 

3.  Reflectivity  of  the  concentrator. 

4.  Aperture  ratio  (dlawter:  focal  length). 

Oeooetrle  accuracy  of  the  concentrator. 

6.  Aiming  accuracy  of  the  concentrator. 


7>  Size  of  the  concentrator. 

The  intensity  distribution  of  the  solar  disc  is  shown  in  Figure  U.3.  Vftien 
the  sun  is  reflected  from  a  polished  surface,  the  intensity  distribution  is 
modified  by  the  imperfections  in  the  surface  and  is  decreased  by  absorption 
by  the  reflecting  surface.  The  modified  intensity  distribution  we  call  the 
"psuedosun  Intensity  distribution."  (Refer  to  Section  3*3>  Figure  3* 3*^) 
Figure  4.^  shows  this  distribution  for  a  polished  aluminum  surface.  The 
intensity  shown  has  been  sealed  up  to  exclude  reflectivity  effects. 

The  effect  of  aiming  errors  is  to  displace  and  distort  the  flux  profile.  The 
displacement  is  the  product  of  the  angular  aiming  error  and  the  focal  distance 
and  the  distortion  is  negligible  for  errors  up  to  about  one  solar  dismeter 
(0°  -32')*  (See  Section  3*3>  Figures  3.3-5  through  3-3.8)- 

Geometric  inaccuracies  may  be  expected  to  be  present  in  any  lightweight  solar 
concentrator.  These  inaccuracies  will  be  manifested  as  surface  ripples  or  as 
a  gross  distortion  of  the  concentrator,  and  they  will  cause  the  image  to  be 
spread  and  less  intense. 

Solar  Coneentrator  Weight 

The  weight  of  the  solar  concentrator  and  its  support  structure  was  treated  in 
detail  in  Section  3-3  where  it  was  shown  that  the  concentrator  shell  weight  is 
proportional  to  the  surfhce  slope  error  0  to  the  minus  2/3  power  (0  and 

the  support  ring  weight  is  proportioned  to  0. ^ 

Test  of  a  five  foot  diameter  eleetrofomed  nickel  concentrator  with  a  thickness 
of  0.020  inch  and  a  rim  angle  of  sixty  degrees,  shows  an  image  spread  corres¬ 
ponding  to  an  effective  surface  slope  error  of  2.7  minutes.  Using  this 
information,  the  proportioiall'^  constant,  K  >  0  (see  Section  3-3)  v<*a 

detexminad  to  be  10,000  min-lb/in.  The  optimum  concentrator  weights  were 
then  calculated  and  the  P/W  curve  shown  in  Figure  4.6  was  obtained.  The 
thicknesses  for  a  five  foot,  six^.degree  concentrator  are  also  shown. 

Solar  Absorber 

For  a  cavity-type  absorber,  the  absorptivity  is  dependent  on  the  surface 
absorptivity  and  the  ntaaber  of  reflections  of  the  incoming  rays  before  they 
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leave  through  the  aperture.  The  number  of  reflections  is  dependent  on  the 
obliqueness  of  the  Incoming  rays  and  the  shape  of  the  cavity.  Calculations 
have  shown  that  a  cavity  absorptivity  of  931^  can  be  achieved  with  a  cavity 
having  a  diameter  or  width  equal  to  the-  depth  and  a  surface  absorptivity  of 
when  used  with  a  60°  rim  angle  concentrator. 

The  emlsslvlty  of  a  cavity  Is  a  function  of  the  surface  emlsslvlty  and  the 
cavity  shape.  The  shape  parameters  generally  used  are  the  depth,  aperture 
ratio  and  the  surface  area,  aperture  area  ratio.  For  a  typical  square  cavity 
having  a  surface  emlsslvlty  of  23^,  the  cavity  emlsslvlty  Is  7^^  (see 
Section  3<2). 

Solar  Concentrator  -  Absorber  Combination 

The  object  of  the  design  of  the  solar  concentrator-absorber  combination  Is  to 
make  available  to  the  thermionic  converters  a  maximum  amount  of  power  at  a 
minimum  penalty.  The  associated  penalty  Is  a  combination  of  several  factors: 
weight,  extended  area,  stowage  volume,  cost,  and  reliability.  Since  the 
concentrators  constitute  a  large  share  of  the  mass  of  the  power  system  and 
since  area  and  volume  are  closely  linked  to  weight,  a  weight  optimization  will 
produce  a  system  with  near  minimum  penalty.  Reliability  will  not  be  compromised 
In  minimizing  weight. 

Maximum  power  will  be  delivered  to  the  absorber  when  the  raullus  of  the  absorber 
aperture  Is  that  radius  at  which  the  reradlated  flux  equals  the  absorbed  flux. 
However,  the  power  delivered  Is  not  very  sensitive  to  changes  In  aperture 
radius  or  concentrator  rim  angle  when  the  optimum  radius  is  near  three  solar 
Image  radii  or  greater, as  Is  usually  the  case.  Therefore,  In  order  to  simplify 
the  analysis.  It  has  been  assumed  that  the  optimum  radius  Is  three  times  the 
product  of  the  solar  half -angle  (.00^5  rad.)  and  the  concentrator  radius,  and 
96^  of  the  focused  power  iMisses  through  this  radius. 

The  above  power  considerations  apply  to  a  rigid  concentrator  perfectly  aimed. 
When  there  is  an  aiming  error,  the  aperture  radius  must  be  Increased  to  accom¬ 
modate  the  displaced  Image.  As  the  concentrator  Is  made  thinner,  surface  slope 
errors  Increase, causing  a  spread  of  the  solar  Image  and  requiring  a  larger 
cavity  apertum.  This  spread  may  be  assiaed  to  be  equivalent  to  Increasing 
the  angular  radius  of  the  pseudosun  by  an  amount  2  ^  where  ^  Is  the  surface 


(24) 


slope  error.  The  aperture  radius  Is  then: 

Ta  =•  3  (-^  +  2(i)  +  f  ^ 

where  )('  a  mlsorlentatlon  angle 

f  a  focal  length 

r  a  concentrator  radius 
c 

^  a  solar  half -angle 
since  t  :C  r 

c 

The  area  ratio  Is  then 

*Y)  (25) 

Power  delivered  to  the  absorber  Is  then 

P  a  (i^>aA^-  £^t'*A^  (26) 

where  q  a  solar  flux  constant 

^  a  concentrator  reflectivity 
a  a  absorber  absorptivity 
£  a  absorber  ealaalvlty 
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Maximizing  -  yields 
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Thus,  the  concentrator  thickness  which  gives  maximum  thermal  power  per  pound 
is  that  which  limits  the  surface  slope  error  to  the  optimum. 


Figure  U.6  shows  optimum  0  as  a  function  of  T  for  the  case  where: 


q  >  O.lU  watts/sq.  cm. 


f  ■ 

■  0.90 

a  « 

■  .935 

£  - 

■  .753 

^  a 

.  32'  - 

.0093  rad. 

s  6*  a 

.00175  rad. 

Thermionic  Converter 

The  thermionic  converter  characteristics  must  he  determined  so  that  they  may 
he  examined  in  combination  with  the  concentrator  and  the  absorber  to  determine 
the  optimum  operating  conditions.  The  characteristics  have  been  obtained  by 
fitting  laboratory  test  data  to  empirical  equations. 


Since  power  output  follows  closely  the  emission  capabilities  of  the  thermionic 
cathode,  an  eqxiation  of  the  form  P_  »  K,  11,600  j  fitted 

“  3  t  e  — T — ) 

to  the  test  data.  This  is  the  fora  of  the  Richardson  emission  equation.  For 
the  converter  tested,  with  all  parameters  optimized  except  temperature. 

Kg  >  1,  >  .009,and  K^,  of  course,  depends  on  converter  size. 

5/2 

For  the  input  power,  an  equation  of  the  fora  P.  >  K.  P  -t-  K,  T  was 

c/p  ^  4  0  p 

fitted  to  the  test  data.  The  T  term  is  the  fora  of  the  solution  to  the 
combined  radiation -conduction  problem.  It  also  closely* represents  the  ease 
of  parallel  radiation  and  conduction  when  the  two  are  nearly  equal.  Analyses 
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of  conditions  In  the  converter  have  shown  that  this  Is  usually  the  case.  The 
results  of  the  curve  fit  yielded  =  3  aJid  ■=  3*^5  x  lO"^ 

Then  efficiency  nay  he  expressed  as 


N.  = 


3P  +  3-^5  X  lO"^  T^/^ 


(31) 


_ 1  _ 

2  ^  3. **5  X  10"^ 

.009  T^  exp  (-11,600/t) 

1 

- IE — - 

3  +  3.73  X  10  ITT  exp  (11,600/t) 


(32) 


This  relation  is  shown  In  Figure  U.7. 


Generator  Module 

By  nultlplylng  the  thermal  power  plotted  In  Figure  by  the  thermionic 
conversion  efficiency,  a  plot  of  power  output  as  a  function  of  temperature 
may  be  obtained  as  shown  In  Figure  U.7.  Note  the  maxlnnus  power  per  solar 
concentrator  pound  occurs  at  a  tenqperature  of  about  2100^K.  Efficiency  can 
be  Increased  at  higher  temperatures  but  system  wel^t  will  go  up.  Also,  the 
maximum  power  obtainable  at  2000°K,  which  Is  considered  realistic  In  terms  of 
life  requirements.  Is  only  slightly  below  the  optimum.  This  lower  operating 
temperature  is  therefore  selected  for  the  design. 

Conclusion 

Results  obtained  from  the  parametric  design  study,  various  solar  concentrator 
develppennt  programs,  as  well  as  the  extensive  thermionic  generator  perfomance 
tests  carried  out  under  this  program,  have  been  evaluated.  Where  minimum 
system  weight  is  the  design  criteria,  system  wei^ts  of  the  order  of  UiiO  pounds 
per  kilowatt  of  continuous  power  for  a  90  minute  orbital  application  can  be 
achieved  with  current  state«of>the>art  components. 
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Solar  concentrator  weight  reductions,  which  could  result  from  current  efforts 
to  develop  high  precision  aluminum  concentrators,  as  well  as  the  attainment  of 
higher  cavity  absorber  and  thermionic  converter  efficiencies  which  should  result 
from  many  current  development  efforts  will  permit  a  reduction  in  the  specific 
weight. 

The  Appendix  of  this  report  presents  a  detailed  design  of  a  1.5  KW  continuous 
power  solar  thermionic  system  based  on  the  evaluation  of  all  study  and  test 
results  acquired  during  the  conduct  of  this  program. 
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APPEIfDlX 


DESIGN  AMD  TEST  SPECIFICATION  FOR 
1.5  KW  SOLAR  THERMIONIC  POWER  SYSTEM 

Introduction 

Ibe  1.5  lew  thermionic  power  system  specified  for  a  one  year  orbital  application 
represents  a  careful  Integration  of  many  concepts  and  state-of-the-art  components. 
The  system  Is  somewhat  larger  than  estimates  made  early  In  this  program  would 
have  Indicated  but  It  Is  still  very  competitive  with  all  other  auxiliary  power 
systems  suitable  for  the  prescribed  application.  Also  the  design  presented  Is 
quite  flexible  In  that  It  can  easily  be  modified  to  provide  many  other  power 
or  voltage  requirements  with  only  minor  changes  within  the  system.  The  system 
as  specified  actxially  has  the  capability  of  supplying  from  zero  to  U. 5  lew  of 
power  under  certain  clrcxnnstances  as  well  as  the  continuous  1.5  lew  used  as  the 
nominal  design  level.  All  of  the  components  and  structures  presented  In  the 
system  are  felt  to  be  realistic  In  all  respects.  The  weights  and  efficiencies 
attributed  to  components  such  as  the  solar  concentrators  or  thermionic  generators 
may  not  be  as  optimistic  u  other  studies  would  Indicate,  but  all  such  components 
have  been  tested  and  proven  beyond  a  ireasonable  doubt  to  be  capable  of  fulfilling 
the  needs  of  this  system. 

The  reliability  of  such  a  system  Is  still  subject  to  question.  None  of  the  major 
components  has  actually  been  tested  under  the  conditions  or  for  the  time  speci¬ 
fied  for  this  application.  All  components  do  represent  a  considerable  Improve¬ 
ment  over  hardware  available  at  the  time  this  program  was  Initiated.  Life  test 
programs  and  environmental  test  programs  of  many  sorts  aze  currently  being 
conducted  to  determine  component  capabilities  and  reliability.  With  the  progress 
made  to  date  In  the  state-of-the-art  In  various  coiiq;>onent  areas  as  a  guide  It 
seems  quite  reasonable  that  all  components  specified  for  this  system  can  be 
fully  qualified  In  a  reasonable  time  span. 

System  Description 

Ihe  overall  system  Is  shown  In  block  diagram  form  In  Figure  1,  and  in  the  aystams 
layout  Figure  2.  Die  basic  system  Is  made  up  by  a  structural  support  and  deploy¬ 
ment  system,  a  modular  assembly  constituted  by  a  generator  and  solar  concentrator 
assembly,  and  controls  and  power  distribution  system.  The  entire  array  can  ba 

e 

stowed  within  a  vehicle  volume  9  feet  in  diameter  and  l6  feet  hl|^.  The  system 
la  shown  In  the  stowed  and  deployed  positions  In  Figure  2. 
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1.5  KW 


THERMIONIC  SYSTEM  LAYOUT 


The  operational  sequence  of  the  system  is  described  as  foUovs. 

1.  VI th  the  vehicle  in  orbit  and  sun  oriented  vlthln  3  degrees  the 
nose  cone  is  Jettisoned. 

2.  Upon  radio  or  timer  command  the  explosive  head  of  the  support 
tube  Msemblles  are  fired  and  the  extension  drive  motors  eustlvated. 

3«  The  extension  drive  motors  pay  out  cable  at  a  controlled  rate. 

The  extension  springs  located  at  each  hinge  point  between  the 
conductor  struts  and  buss  channel  8o:e  graduated  In  stiffness  to 
Insure  the  outer  most  buss  section  is  completely  deployed  before 
the  following  section  begins  to  move. 

U.  As  each  buss  section  reaches  the  fully  extended  position  a  second 
cable,  fastened  to  the  conductor  struts  and  fed  through  the  buss 
structure, Is  placed  In  tension  and  extracts  the  clips  holding  the 
bucket  handle  and  generator  assembly  secured  to  the  support  pin 
and  bracket  assembly  on  each  concentrator  rim. 

The  actuator  spring  located  Sw  the  hinge  point  between  the  bucket 
handle  and  the  hinge  bracket  causes  the  concentrator  assembly  to 
slowly  rotate  until  it  arrives  at  a  point  9o*  removed  from  tlie 
stowed  position.  The  disc -type  viscous  dampers  mounted  on  the 
shaft  assembly  provide  a  control  of  the  rate  at  which  the 
concentrator  rotates  Into  position.  This  damper  assembly  is 
charged  with  a  heavy  hlgh-vacuum  grease  capable  of  withstanding 
hard  vacuum  and  extremes  In  teinperature  for  long  periods  If 
necessary.  Also  the  eventual  loss  of  part  or  all  of  this  grease 
will  not  subsequently  affect  the  system. 

6.  Upon  reaching  the  erect  position,  90*  removed  from  the  supported 
position,  the  bucket  handle  Is  locked  Into  place  on  the  concentrator 
rim  by  a  simple  spring  latch  and  stop  assembly.  This  places  the 
focal  point  of  the  concentrator  within  the  area  controlled  by  the 
heliotropic  mounts  on  the  generator  assembly, assxaaing  the  Initial 

9*  orientation  is  held  by  the  vehicle. 

7.  The  extension  motors  release  cable  until  all  modules  and  structures 
are  In  their  proper  position.  The  cables  that  release  the  module 
concentrators  also  serve  as  a  stop  to  limit  the  extension  of  each 
buss  section.  (It  Is  also  possible  with  some  modifications  to 
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restov  the  entire  structure  In  space  by  rewinding  the  cables, should 
such  a  feature  be  necessary). 

8.  The  support  tube  assembly  is  Jettisoned^  section  by  section^  as  the 
buss  section  is  extended.  The  wire  tension  member  will  whip  each 
tubular  section  away  from  the  vehicle  as  it  is  retracted  in  the 
extension  process. 

9.  In  the  deployed  position  the  modules  will  generate  power  during 
the  sun  portion  of  the  orbited  cycle  to  supply  the  vehicle  system 
loadj  the  battery  load,  and  the  control  power  requirements. 

10.  During  full  system  load  requirements  the  system  will  receive  1.5  kw. 
The  batteries  will  be  charged  at  a  rate  of  IvO  to  Ul  amps  as  determined 
by  the  current  limiting  charcuster  of  the  DC-DC  converter  charge 
control.  The  charge  control  will  also  disconnect  the  battery  bank 
when  the  charge  level,  as  indicated  by  the  terminal  voltage^  reaches 
full  charge.  The  atixlllary  load  bank  will  automatically  cut  in 
sufficient  load  to  utilize  the  output  of  the  theimionlc  generators 
and  to  maintain  the  voltage  sxxpplied  to  the  vehicle  system  neeur  the 

28  volt  level.  If  the  vehicle  should  demand  more  than  1.5  kw  the 
line  voltage  would  drop.  This  wordd  completely  cut  off  the  auxiliary 
load  and  if  this  were  not  sufficient  and  the  voltage  level  drops  to 
below  the  minimum  26  volt  specification  the  battery  load  btmk  will  be 
cut  in  to  supplement  the  system  generators.  A  total- of  nearly 
U.5  kw  can  be  delivered  for  a  short  period  in  this  manner. 

11.  During  the  shade  portion  of  the  orbital  cycle  the  generators  will 
cool.  As  the  generator  output  drops  off  the  auxiliary  load, if 
activated, will  be  automatically  reduced  to  help  maintain  system 
voltage.  The  charge  control  will  also  sense  the  decline  in 
generator  output  and  switch  the  batteries  to  the  vehicle  load. 
Initially  the  a\]xlli6uy  load  may  be  activated  and  absorb  large 
amounts  of  power.  This  is  due  to  the  high  initiad  discharge  voltage 
characteristics  of  the  battery.  As  this  excess  in  battery  potential 
declines  the  auxiliary  load  will  be  cut  off  and  the  batteries  will 
provide  a  constant  27.5  volts  throughout  the  balance  of  the  discharge 
cycle.  The  battery  bank  will  also  provide  a  small  amount  of  control 
power  and  cesium  reservoir  heater  power  throughout  the  shade 
portion  of  the  cycle. 


nie  basic  building  block  for  the  system  Is  the  modular  assembly  shown  In 
Figure  3«  By  altering  the  size  and  number  of  modules  xtsed,  a  vide  variety 
of  power  outputs  can  be  obtained  over  a  range  of  from  100  to  3000  watts 
at  voltages  from  0.6  volts  to  lUU  volts  or  more.  Figure  2  Illustrates  the 
ease  with  which  additional  modules  cim  be  added  to  the  system.  Two  sections 
or  six  additional  modules  are  shown  attached  to  the  1.5  kw  system  (l8  modules). 

The  module  consists  of  a  generator  assembly,  a  concentrator  assembly,  and  the 
associated  support  or  erection  structure. 

The  concentrator  usembly  consists  of  a  precise  parabolic  electroformed  nickel 
shell  mounted  to  a  nickel  torus  and  fitted  with  support  brackets  and  hinge 
brackets.  ^IMs  assembly  Is  formed  by  the  use  of  blind  rivets  and  epoxy  adhesives. 
Other  technlqiies  for  producing  such  an  assembly  have  been  used  successfully  but 
the  CGopllcatlons  and  cost  Involved  with  techniques  such  as  the  integral  electro¬ 
forming  of  support  ring  and  concentrator  shell  are  not  Justified. 

Ihe  generator  assembly  Is  shown  in  detail  in  Figure  h.  nie  basic  converter 
structure  shown  In  Section  G-G  Is  Identical  to  the  configuration  used  in  the 
cubical  cavity  assembly  discussed  In  this  report.  The  emitter  structure  has 
been  modified  to  provide  a  more  efficient  cavity  geometry.  The  radiator  also 
has  been  changed  to  obtain  a  geometry  which  Is  felt  to  be  a  considerable 
simplification  over  the  cubical  cavity  geometry.  The  block  into  which  the 
converters  are  Inserted  and  the  methods  of  mounting  are  also  an  Improvement 
over  the  cubical  cavity  arrangement.  The  heliotropic  mount  assembly  Is  made 
to  fasten  directly  to  the  generator  block. 

The  advantages  of  this  generator  configuration  are  sunnarized  as  follows: 

1.  Larger  cavlty-to  aperture  area. 

2.  All  converters  are  Identical. 

3.  Cavity  aperture  actually  formed  by  emitters. 

4.  Radiator  geometry  simplified. 

5.  Converter  mounting  and  interconnection  simplified. 

6.  Effective  emitter  area  to  cavity  area  ratio  is  large. 

7.  Internal  flux  distribution  is  more  unifoxn  with  no  bottom  converter. 

8.  Shielding  against  radiant  beat  loss  Is  iaproved.* 

9>  Cavity  block  configuration  more  suitable  for  mounting. 
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10.  Cavity  block  easily  integrated  with  hellotroplc  mount. 

11.  Assembly  is  lighter  in  wsi^pit. 

12.  Ihe  converter  configuration  has  been  proven  most  reliable  under 
test  and  has  demonstrated  satlfactory  performance  capabilities. 

IThe  other  structures  associated  with  the  module  may  be  altered  as  required  by 
the  vehicle  system  for  any  specified  power  level.  For  the  1.5  kw  system  the 
scissors  or  folding  gate  type  structure  seems  particularly  suitable.  The 
structure  is  sliiq>le,  keeps  the  number  of  parts  required  to  a  minimum^  permits 
easy  electrical  interconnection  euad  is  strong  and  stable,  nie  size  of  the 
system  modules  and  other  members  is  such  as  to  permit  easy  handling  and 
assembly.  The  nature  of  the  assembly  would  also  make  the  interchanging  or 
substitution  of  components  or  modules  an  easy  matter. 

The  frame  structure  which  permits  the  hellonic  array  to  be  assembled  to  the 
vehicle  is  shown  in  Figure  5.  A  slsq^le  rigid  "A”  frame  structure  formed  of 
aluminum  angle  and  tub\ilar  sections  is  used.  The  comer  angle  pieces  serve 
as  the  support  members  for  all  the  modular  assemblies  during  launch.  Tbs 
supporting  action  is  accomplished  by  the  tubular  columns  formed  by  rigldlzlng 
the  short  sections  of  strpport  tube  with  an  internal  tensile  member. 

The  deployment  structure  which  also  serves  as  the  electrical  conductors  for 
the  generator  outputs  is  shown  in  Figure  6.  The  "C"  channels  are  fastened  back 
to  back  with  suitable  insulator  fastener  assemblies.  The  generator  output  from 
each  three>inodule  section  is  fed  to  these  channel  busses,  one  of  which  is 
positive  and  the  other  negative.  The  entire  section  assembly  is  fastened  tc 
adjacent  sections  by  the  conductor  struts  which  are  used  to  carry  the  generator 
outputs  by  proper  use  of  Jxmper  cables  and  Insulator  Inserts.  The  struts  are 
hinged  to  the  section  chaimels  to  permit  extension  of  the  sections  due  to  the 
force  applied  at  the  hinge  points  by  the  extension  springs. 

The  control  circuitry  provided  for  the  system  is  shown  in  Figures  7,  8  and  9. 
The  ctutrent  limited  DC-DC  converter  schematic  is  shown  in  Figure  7.  This 
control  provides  a  variable  topping  voltage  necessary  to  give  a  charge  current 
of  approximately  4l  aaq?eres. 

Using  all  silicon  coaqranents  as  shown  in  the  parts  list,  dissipations  and 
efficiency  for  the  current  limited  converter  are  as  follows: 
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Output  power  (12  v  at  klA) 

U92  watts 

Output  rectifier  loss  (from  data  sheet) 

30  watts 

Current  sense  loss 

10  watts 

Output  transformer  loss 

20  watts 

Power  transistor  loss 

50  watts 

Logic  power 

Total  Input  power 

25  watts 
637  watts 

M  .  ^OUT  U92  ^ 

Replacing  the  silicon  2n212U  with  germanium  2T72159 

pover  trams Is tors 

the  efficiency  as  follows: 

Output  power 

^92  watts 

Output  rectifier  loss 

30  watts 

Current  sense  loss 

10  watts 

Output  transformer  loss 

20  watts 

Power  transistor  loss 

10  watts 

Logic  power 

TotsJ.  liQ)ut  power 

25  watts 
"5S7  watts 

^  ^  .83.8^ 

Using  germanlvun  pover  traxislstors  means  the  transistor  studs  must  be  kept  to 
about  90*C  vhlch  means  a  heat  sink  temperatiure  of  about  70*C  maxlimim.  With 
the  silicon  power  treuislstors  the  transistor  studs  must  be  kept  to  about  lU^*C 
or  a  heat  sink  temperature  of  about  125 *C. 

Prellffllnaiy  calculations  Indicate  the  use  of  germanium  conqponents  Is  reasonable 
because  the  necessary  heat  dissipation  can  be  managed  by  direct  radiation  from 
the  controls  housing. 

The  auxiliary  load  control  and  sensing  circuitry  Is  shown  In  Figure  8.  The 
sensing  circuitry  Is  slsgile  and  yet  very  reliable  and  stable.  The  circuit  can 
be  adjusted  to  sample  load  voltage  over  a  freqiuency  range  of  fxom  one  cycle 
per  several  seconds  to  30  cycles  per  second.  The  upper  limit  on  the  sampling 
rate  Is  determined  by  the  response  of  the  switching  or  stepping  motor.  A 
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relatively  low  cycle  rate  can  be  tolerated  becavise  of  the  large  thermal 
capacity  of  the  generators  which  will  prevent  any  step.type  trtuislents  due  to 
system  load  variations.  This  lower  cyclic  rate  should  help  Insure  the  ability 
of  the  stepper  switch  to  meet  the  one-year  operational  life  requirements  of 
the  system.  The  gain  of  this  control  can  easily  be  varied  but  will  be  adjusted 
to  apply  or  remove  load  in  the  range  of  from  zero  to  3  kw  with  a  voltage 
variation  between  27  and  28  volts  d.c. 

The  logic  and  buss  circviitry  ^Aiieh  controls  system  operation  and  power  distribu¬ 
tion  Is  shown  In  Figure  9*  Th«  logic  circuits  employ  simple  contactor  controls 
and  zener  diode  referenced  relays  to  affect  proper  operation  of  the  system. 

The  flow  of  current  In  due  to  generator  output  causes  contactor  to  apply 
the  generator  output  to  the  system  load.  Contcustor  Is  eilso  de-energlzed 

^  15 

disconnecting  the  battery  buss  from  the  system  load.  In  the  event  the  system 
load  voltage  Is  too  low,  as  It  msy  be  during  generator  warmup,  relay  Is 
de-energized, thereby  energizing  contactor  which  again  applies  the  battery 

buss  to  the  system  through  contacts  As  the  batteries  reach  a  full  charge 

.condition  relay  Spjj  cuts  out  contactor  which  removes  the  battery  from  the 
charging  circuit.  The  battery  would  then  remain  on  standby  until  either  the 
generator  output  or  the  system  buss  voltage  drops  sufficiently  to  contacts 
or  and  again  apply  the  battery  bank  to  the  system  buss.  The  auxiliary 
load  beuik  fxmctlons  continuously  to  maintain  system  load  voltage  between  the 
operating  point  of  relaj'  3^^  and  an  upper  system  voltage  of  29  volts. 

A  preliminary  parts  list  for  all  control  components  Is  shown  in  Table  I.  A 
complete  control  housing  Is  shown  in  Figure  10.  This  housing  Is  hermetlcsdly 
sealed  and  the  package  charged  with  dry  nitrogen.  An  estimate  of  total 
controller  weight  Is  22  pounds. 
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TABI2  I 


Symbol 

Vendor 

Preliminary  Parts  List 

Part  NO. 

Specification 

System  Source  Control 

Motorola 

4  -  1N751  Selected 

MIL-S-19500/127 

H 

Motorola 

7  >  1N731  Selected 

MIL-S-19500/127 

Couch 

3  -  2R25A370-B 

MIL-P-5757 

^A,B,C,D 

Hartman 

3  -  A770PA 

MIL-R-6106 

RU 

Corning 

4  -  10ilRD60 

MIL-R-11804,  Char  P 

Electron 

2  -  WE4-^ 

MIL-C -18312 

'3 

Electron 

2  -  UB4.105 

NII.-C-18312 

Syatem  Volteae  Control 

SWi 

Ledex 

1  -  215052  Special 

MIL-E-5272 

«1 

Coming 

2  -  22mRD60 

MIL-R-11804,  Char  P 

Coming 

2  •  22QaBD60 

MIL-R-11804,  Char  P 

Coming 

1  .  10KaBD60 

MIL-R-U804,  Char  P 

R4 

Coming 

2  >  IOARD6O 

NIL-R-11804,  Char  P 

Cx 

Sprague 

2  -  143FM4 

MIL-C-25 

ca 

Electron 

2  -  WE4-564 

MIL-C-18312 

^A,B 

Couch 

2  -  2H25A390-B 

MlL-R-5757 

•^1 

Oeneral  Electric  2  -  2lA89 

MIL-T-19500/75 

Pi 

Bourne 

1  -  2245-1-103  2Ka 

MIL-E-5272,  Std-202A 

Pa 

Bourne 

1  -  2245-1-103  2KflL 

MIL-E-5272,  Std-202A 

^1 

Motorola 

2  -  15751 

MIL-S-19500/127 

Za 

Motorola 

2  -  15753,  15746 

MIL-S-19500/127 

^3 

Motorola 

4  -  15751  Selected 

MIL-S-19500/127 

^4 

Motorola 

5  -  15751 

MIL-S-19500/127 

Corning 

1  -  2KA.BD60 

MIL-R-11804,  Char  P 
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TABIE  I  (Coat'd) 
Preliminary  PMrbs  List 


Vendor 

Part  No. 

Specification 

Current  Limited  Converter 

Coming 

1  -  56011  Pd6o 

MIL-R-11804,  Char  P 

^2,l8 

Coming 

2  -  2211  RD60 

MIL-R-11804,  Char  P 

Coming 

1  -  iokiird6o 

MIL-R-11804,  Char  P 

Coming 

2  -  33OILRD6O 

MIL-R-11804,  Char  P 

^5,8 

Coming 

2  -  1.8k1LRD60 

MIL-R-11804,  Char  P 

®6,9 

Coming 

2  -  4.7K£tRD60 

MIL-R-11804,  Char  P 

®7,10 

Coming 

2  -  6aaRD6o 

MIL-R-11804,  Char  P 

\l 

Coming 

1  -  2.7KIIRD60 

MIL-R-11804,  Char  P 

«12 

Coming 

1  -  1.5K11RD60 

MZL-R-11804,  Char  P 

®1U,15 

Corning 

1  -  39A  BD60 

MIL-R-II804,  Char  P 

«16 

Dale 

1  .  . 006x1 RH25  Special  MZL-R-18546 

Rj^7 

Dale 

1  -  1.0X1  RELO 

MZL-R-18546 

®19 

Dale 

1  -  5.0X1  RH5 

MrL-B-l8546 

General  Electric 

1  -  29PI623 

MIL-C-3965 

Ca 

General  Electric 

1  -  29PIO9I 

MIL-C-3965 

^»2,3A 

RCA 

4  .  2N1486 

SCL-700e/74A 

Weatlnfpiouie 

2  -  2N2124 

New 

Motorola 

2  >  2N2159  Alt 

New 

nwnaltron 

7  -  1n458A 

KIL-E-l/1027 

4,5,6,iU 

h.,2 

Motorola 

2  -  1113034b 

NIL-S>19500/115A 

h 

Motorola 

1  '  llf938B 

MIL-S-19^/156 

\ 

Motorola 

1  •  1112980 

KCL-S-19^/124 

®7,8 

International 

2  -  111253 

MIL-E-1/1024A 

°9,10 

General  Electric 

2  -  III32B9 

New 
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1.  VeblelB  System  Req^ilrements 

2.  Battery  Storage  Reqiulremente 

a.  System  powBr(l500  watts  x  36  minutes) 

b.  Cesium  heater  po%ier(2  watte  x  90  x  35  minutes) 
e.  Control  power(l3  watts  x  36  minutes) 

d.  Battery  discharge  loss  6  volts  x  34  asps  x  8  minutes 

!rotal 

Battery  Charge  Efficiency  >  Tii 
Total  Battery  Storage  Power 
3<  OC-DC  Converter  -  Limiter  Loss 

12  volts  X  4o  amps  x  54  minutes  ^  —  -  1  ^ 

«here  ■  converter  efficiency  -  83.T!t 

4.  Generator  Power  Begulrements 
a.  System  power 

h.  Storage  power  «  wtt-mln 

c.  Converter  Halter  loss  -  ^tt-ain 

aln 

d.  Control  power 

Total 

System  Array  Specifications 

Euaher  of  nodules 

EMber  of  converters 

System  voltage  (6  generators  In  series) 

System  current  (3  generators  In  parallel) 

Generator  current 

Generator  volts  (5  converters  In  series) 

Converter  volts 

Bsltter  area  at  8  watts/ca^ 
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1>500  watts 

54,000  watt-aln 
6,300  watt-aln 
540  watt-mln 
2,590  watt-mln 
63 « 430  watt-mln 

82,400  watt-mln 
4,100  watt-mln 


1,500  watts 

1,525  watts 

76  watts 

15  watte 
3,116  watts 

18 

90 

27.5  volts 
113  saps 
37.7  aaps 
4.58  volts 
.918  volts 

4.33  cm® 


Operation 


Ideal  generator  efficiency  Is  11^  at  2000*K  for  3.^  volts  output, 
at  4.58  volts  will  reduce  efficiency  to  10.^^. 

Total  systen  tbemal  power  requirement  "  29/600  watts 

For  a  2000*K  cavity  temperature/ cavity  absorber  efficiency  will  be  73^. 

Total  cavl'ty  Input  power  req^reraent 

Concentrator  reflectivity  Is  89^. 

C<>De.nti.tor  «*  i>  tl^^'ga-x  IB 

Q 

Shadow  area  Is  .6  ft  . 

O 

Total  concentrator  area  ■  19.9  ft  . 

Concentrator  diameter  ■  4.98  ft. 

System  Weight  (1.5  KW  System) 

A  coeplete  breakdown  of  the  cooponents, assemblies  and  subassemblies  is  given 
In  Table  II.  Ibe  combined  weight  for  the  system/  subassemblies/  and  ccsponents 
Is  susmarlsed  In  this  table.  Also  shown  Is  the  mndter  of  components  of  a  type 
required  and  \diere  spplleable  the  materials  used/  axtd  the  volume  and  unit  weights 
of  these  cosponents. 


.  39,500  watts 
-  18.9  ft® 
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R  ^  ^  ^  ?7  ^ 


1 1  I  I  I  I 

9  3  3  5  5  si 
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1. 5  KW  DESIGN  AND  TEST  SPECIFICATION 


1.0  SYSTEM  AND  CCM’ONENT  SPECIFICATIONS 

1.1  System  Performance 

1.1.1  Power  Output 

The  system  shall  be  capable  of  producing  a  useful  electrical  power 
output  which  may  be  varied  continuously  or  In  discrete  steps  In  the 
range  from  0  watts  to  1300  watts,  when  used  In  earth  satellite 
vehicles.  A  continuous  power  output  capability  of  1.5  KW  shall  be 
required.  Battery  storage  will  be  utilized  to  provide  power  during 
shade  periods. 

1.1.2  Regulation 

The  voltage  shall  be  regulated  at  27.5  volts  and  shall  be  maintained 
within  *  1-1/2  volts  from  0  to  full  load.  An  automatically  adjustable 
Impedance  load  will  be  used  In  parallel  with  the  useful  load  to 
Insiore  constancy  of  total  load  on  the  power  system. 

1.1.3  Operating  Life 

The  system  shall  be  developed  ultimately  to  attain  a  reliability  of 
at  least  93%  for  mission  durations  of  one  year. 

1.1.4  Launch  Power  Requirements 

No  power  will  be  required  during  laiinch.  The  system  shall  start 
within  five  minutes  after  reaching  orbit,  which  shall  occur  from 
five  minutes  to  six  hours  after  launch,  and  course  orientation  of 
the  vehicle  toward  the  sun  within  -  3  degrees. 

1.2.  Environmental  Conditions 

1.2.1  Launch  Conditions 

The  power  system  when  packaged  within  a  vehicle  shall  be  capable  of 
withstanding  the  following  environmental  conditions  before  and 
during  launch: 

1.2. 1.1  Temperatures  ranging  from  0°F  to  200°F. 
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1.2. 1.2  Pressures  rsjiglng  from  1  atmosphere  to  0. 

1.2. 1.3  Relative  humidity  ranging  from  0^  to  lOO^t. 

1.2.1. U  Maximum  acceleration  of  10  g's  along  the  longitudinal  axis 

and  1  g  along  any  lateral  axis  of  the  vehicle. 

1.2. 1.5  Vibration  for  a  period  of  10  minutes  within  the  range  of  20 
to  2000  cps  with  0.050  Inch  double  amplitude  of  vibration. 

1.2.2  Space  Conditions 

After  injection  into  any  earth  satellite  orbit  above  300  nautical  miles, 
the  power  system  shall  be  capable  of  unfolding,  and  upon  being  properly 
orientated  toward  the  sun,  operating  for  one  year  under  the  following 
conditions : 

Adeqxiate  energy  storage  shall  be  provided  for  any  circular  earth 
satellite  orbit  having  orbital  sun-shade  periods  of  53  and  33 
minutes,  respectively. 

1.2.2. 1  Zero-absolute  pressure. 

1.2. 2. 2  Lineeo*  accelerations  \ip  to  10  g  continuously  in  any  direction. 

p 

1.2. 2. 3  Angular  accelerations  of  \ip  to  1  degree/sec  and  euogular  rotation 
rates  v;q>  to  10  degrees/sec  about  any  axis  for  periods  of  vqp  to 

5  minutes  each.  Angular  orientation  will  be  required  to  be 
performed  without  folding  the  solar  concentrators.  System 
operation  during  such  maneuvers  is  not  required. 

1.2.2. k  Zero  gravity  during  the  operating  life. 

1.2.2. 5  Meteor  bombardment.  Van  Allen  radiation,  euid  cosmic  radiation 
consistent  with  the  latest  scientific  data. 

1.2. 2. 6  Vehicle  orientation  toward  the  sun  within  -  5  degrees. 
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1. 3  Vehicle  Cong)atlblllty 


The  following  disturbing  effects  of  the  power  system  upon  a  representative 
space  vehicle  weighing  from  2000  to  30>000  pounds  shall  be  considered  in 
the  design  of  the  system. 

1.3- 1  Vibration 

The  power  system  shall  not  impart  to  the  vehicle  support  points  any 
vibration  disturbances  with  double  amplitudes  greater  than  0.0001  inch 
when  the  vibration  is  unrestrained.  In  addition,  instanteuieous 
accelerations  at  the  support  points  shall  be  less  than  0.01  g  at  any 
frequency  when  the  vibration  is  unrestrained. 

1.3- 2  Torque 

Any  torque  resulting  from  moving  parts  within  the  power  system  shall 
be  eliminated  to  the  maximum  extent  practicable. 

1.3*3  Electrical  Interference 

The  electrical  interference  caused  by  the  system  shall  be  minimized. 

1.3- ^  Switching  Transients 

The  power  system  shall  be  designed  so  that  instantaneous  values  of 
surge  current  equal  to  twice  the  nominal  maximum  current  cem  be 
tolerated  without  impairment  of  the  system  performance. 

1-3-^  System  Weight 

The  power  system  weight  shall  not  exceed  TOO  pounds  including 
battery  storage  system. 

1.3- 6  Volume 

The  power  system  in  launch  configuration  shall  fit  within  a  volume 
which  Is  a  cylinder  9  feet  6  Inches  In  diameter,  l6  feet  high, 
topped  by  a  rlg^t  circular  cone  of  1^°  half  angle.  No  reliance 
shall  be  placed  on  an  external  nose  fairing  for  mechanical  support 
of  the  power  system. 
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2.0  COMPONENT  SPECIFICATIONS 


The  components  of  the  power  system  shall  meet  the  following  specifications 
during  and  after  exposure  to  the  environmental  reliability  and  enduramce 
tests  specified  in  pareigraph  3*0* 

2.1  Thermionic  Generator  Assembly 

2.1.1  Power  Output 

Power  output  shall  be  173  w^tts  -  5  at  a  nominal  voltage  of 
4.58  volts  and  current  of  37*7  amps. 

Power  output  shall  reach  85^^  of  the  design  value  within  one 
minute  of  aiypllcatlon  of  full  solar  input  power.  Pull  power 
shall  be  attained  within  four  minutes  of  stcurtup. 

2.1.2  Operating  Life 

Operating  life  of  the  generator  shall  be  one  year  with  a 
minimum  of  38^  operational  sun-shade  cycles.  Performance 
deterioration  over  the  one  year  period  shall  not  exceed 

2.1.3  Cavity  Absorber  Efficiency 

The  cavity  geometry  of  the  generator  shall  be  such  as  to 
accept  at  least  95^  of  all  available  flux  with  the  concentrator 
misaligned  up  to  six  minutes.  Ihe  cavity  absorber  efficiency 
including  misalignment  effects  shall  be  at  least  7^^  at  the 
design  operating  temperature  of  2000^K. 

2.1.U  Generator  Weight 

Generator  weight  shall  be  kept  to  a  minimum  consistent  with  good 
design  practice  and  shall  not  exceed  6.1  pounds. 

2.1.3  Generator  Components 

Ihe  generator  assembly  shall  contain  five  identical  thermionic 
converters  mounted  in  nickel  block.  The  converters  shall  be 
shielded  against  heat  loss  along  the  emitter  support  section 
and  through  the  bottom  of  the  block  assembly  with  polished 
moly  shields.  The  spacing  between  adjacent  converters  shall 
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be  such  as  to  limit  direct  flux  leakage  from  the  cavity  to 
3^  assuming  the  openings  functiai  as  black  body  absorbers. 


2.1.6  Generator  Efficiency 

The  overall  generator  conversion  efficiency  exclusive  of  the 
cavity  absorber  efficiency  shall  be  not  less  than  10.5^  at 
2000°K. 

2.2  Hellotroplc  Mount 

The  generator  shall  be  fitted  vith  a  heliotropic  mount  mechanism 
to  assist  In  controlling  concentrator  alignment  to  vlthln  -  6 
minutes  in  the  face  of  i  5  degree  vehicle  attitude  variations 
relative  to  the  sun. 

2.2.1  Hellotroplc  Sensor  Design 

The  motint  sensors  shall  be  designed  with  a  minimum  gain  of 
30  degrees  per  degree.  The  sensors  shall  at  the  same  time 
be  sufficiently  stiff  as  to  Insure  proper  direction  of  the 
concentrator  mass  in  the  face  of  the  perturbation  noted  in 
Section  1.2.2. 

2.2.2  Mount  Structure 

The  mount  structure  shall  be  designed  to  operate  satisfactorily 
In  the  thermal  and  space  environment  for  one  year.  The  mount 
sensor  and  other  structures  shall  be  designed  or  shielded  against 
possible  burnout  even  under  conditions  of  persistent  mlsorlentatlon 
vlth  the  concentrated  energy  of  the  collector  striking  the  mount. 

2.2.3  Mount  Response 

The  response  of  the  mount  must  be  designed  to  Insure  maintaining 
the  concentrator  orientation  without  Introducing  overshoots  or 
other  system  Instabilities  due  to  phase  shifts  In  the  modular 
system. 

2.2.4  Mount  Weight 

The  mount  assembly  shall  be  of  minimum  weight  and  not  exceed 
.4  pounds. 
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2.2.5  Movint  Power  Requirements 

The  power  Intercepted  hy  the  mount  shall  not  exceed  1^  of  the 
total  Intercepted  flux  for  a  full  5  degree  vehicle  mlsorlentatlon 
linder  steady  state  conditions. 

2-3  Thermionic  Converters 

2.3.1  Thermionic  Converter  Power  Output 

The  converters  shall  produce  a  power  output  of  3^.6  watts 
-  5^  at  a  nominal  voltage  of  .918  volts  and  current  of 
37.7  amps. 

2.3*2  Converter  Power  Density 

o  2 

llie  power  density  at  2000  K  shall  be  not  less  thain  8  watts/em  . 

2  +  2 

Bmltter  area  shall  be  U. 32  cm  -  .05  cm  .  Emitter  to  collector 
Slicing  .002  Inches  -  .OOO5. 

2.3.3  Converter  Operating  Temperatures 
Emitter  operating  temperature 
Collector  operating  temperature 
Cesium  reservoir  temperat\ire 
Radiator  temperature 

2.3.4  Princlped  Converter  Suirface  Bmlsslvltles 


Emitter  cavity  surface  emlsslvlty  .6 

Radiator  surface  emlsslvlty  .78 

Interior  emitter  emlsslvlty  .24 

Collector  emlsslvlty  .15 


2.3.5  Principal  Converter  Materials 

Converter  materials  shall  be  of  the  highest  possible  quality. 

Quitter  material  -  tantalum 
Collector  material  -  moly 
Radiator  material  -  copper 
Reservoir  material  -  copper 


1975°K  -  25®K 
950°K  -  25®K 
624°K  t  5°K 
850°K  i  25°K 
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2.3-6  Cesiim  Reservoir  Design 

Reservoir  assembly  shall  be  designed  to  require  a  maximum  2  watts 
of  thermal  Input  to  maintain  the  assembly  temperature  at  6l4°K  -  5°K. 

This  thermal  input  shall  be  supplied  to  the  reservoir  by  means  of 
a  thermal  conduction  path  from  the  converter  collector  during  steady 
state  sun  operation.  Electrical  heating  will  be  utilized  during  the 
shade  periods.  The  electrical  heater  shall  be  designed  to  control 
tenqjerature  at  6l4®K. 

2.4  Cesium  Heater  Assembly 

2.4.1  Assembly  Design 

The  assembly  shall  be  demountable  from  the  converter  assembly  for 
easy  replacement.  The  surface  area  and  emlsslvlty  shall  be 
selected  to  Insure  a  nominal  operating  temperature  of  6l4°K  with 
a  total  continuous  thermal  input  of  2  watts. 

2.4.2  Assembly  Components 

The  assembly  shall  Include  a  heater  element,  thermostatic  switch, 
adjustable  shields  for  optimizing  equilibrium  temperature,  and  a 
shell  structxire  capable  of  being  easily  affixed  to  the  converter 
reservoir  tube. 

2.4.3  Power  and  Voltage  Design  Requirements 

The  electrical  heater  power  requirement  shall  not  exceed  2  watts 
to  maintain  the  nominal  6i4°k  temperature.  Heater  design 
voltage  shall  be  .918  volts.  Heaters  shall  be  designed  to  tedce 
a  300^t  overvoltage  for  one  hour  without  burnout. 

2.4.4  Assembly  Life 

The  heater  shall  demonstrate  the  ability  to  operate  for  one  year 
on  a  continuous  or  10  minute  on-off  cyclic  basis. 

The  thermoswitch  shall  demonstrate  the  ability  to  maintain 
operation  on  a  cyclic  basis  for  $00,000  cycles  with  a  2  watt 
resistive  load  at  one  volt  DC.  The  heater  Insulating  materials 


shall  demonstrate  the  ability  to  survive  one  year  of  10  minute 
on-off  cyclic  life  without  decomposing,  evaporating,  loss  of 
dielectric  properties,  or  contributing  to  the  failure  of  the 
heater  element. 

2.U.5  Thermo  Switch  Control 

The  thermoswitch  shall  be  capable  of  ^00,000  cycles  maintaining 
operation  about  a  6l4°K  setpoint. 

The  maximum  Initial  switch  differential  shall  not  exceed  - 
with  an  Increase  not  to  exceed  t  8°K  over  the  one  year  period. 

2.5  Solar  Concentrator  Assembly 

2. 3* I  Optical  Specifications 

2. 3 *1*1  Specvilar  Reflectance  -  Operational 

The  specular  reflectance  of  the  concentrator  surface  shall  not 
be  less  than  89^  and  shall  not  degrade  more  than  3  percent  during 
one  year's  operation  in  the  space  environment. 

2.3<1«2  Specular  Reflectemce  -  Storage  and  Testing 

The  specular  reflectance  of  the  concentrator  surface  shall 
not  degrade  more  than  2  percent  for  periods  of  storage  up 
to  18  months. 

2. 3. 1.3  Concentrator  Thermal  Stresses 

The  concentrator  shall  withstand  the  thermal  stresses  encountered 
during  storage,  transportation,  launch  and  space  flight  without 
euiy  decrease  in  the  measured  efficiency. 

2.3- 2  Structviral  Specifications 

2. 3- 2.1  Concentrator  Frontal  Diameter 

The  concentrator  frontal  diameter  shall  be  five  feet,  exclusive 
of  support  rings  structure.  The  total  frontal  area  shall  be 

19.3  ft^- 
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2. 5 .2. 2  Concentrator  Rim  Angle 

The  rim  angle  of  the  concentrator  shall  be  selected  to  optimize 
concentrator-absorber  efficiency. 

2 . 5 • 2 . 3  Concentrator  Materials 

The  concentrator  shell  and  support  ring  shall  be  nickel.  These 
structures  shall  be  fabricated  using  the  most  advanced  electro¬ 
forming  techniques.  S\q)porting  structures  and  appendages  shall 
be  made  of  materials  compatible  with  the  concentrator  structural 
materials  and  the  operational  environment. 

2.5'2.U  Concentrator  Shell  Geometry 

Nominal  shell  thickness  shall  be  .009  inches  -  .002  Inches 
with  a  maximum  surface  slope  error  of  5-5  minutes.  Overall 
geometry  shall  be  sufficient  to  Insure  95^^  of  all  concentrated 
flux  can  pass  throxigh  a  5/8  inch  diameter  aperture  under 
conditions  of  zero  mlsorientation. 

2.6  Modular  Assembly 

2.6.1  General 

The  design  of  the  module  shall  Incorporate  concentrator,  thermionic 
generator  assembly,  support  attachments  for  the  generator,  structural 
support  members,  actuator  and  mechanism  for  attachment  of  the 
thermionic  generator  to  the  spacecraft,  to  satisfy  the  optical, 
structural,  and  thermal  requirements  specified  herein. 

2.6.2  S\q)port  Member  Thermal  Stresses 

The  converter  support  members  shall  be  required  to  withstand  thermal 
stresses  associated  with  operation  in  space. 

2.6.3  Absorber  Aperture  Erection 

The  converter  support  members  shall  Incorporate  provisions  for 
accurate  erection  of  the  absorber  aperture  into  the  focal  plane 
at  the  focal  point  of  the  concentrator  within  6  minutes  of  the 
concentrator  axis. 
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2.6.k  Erection  Control 

The  erection  structure  shall  be  actuated  by  springs  of  sufficient 
stiffness  to  permit  operation  in  a  1  g  environment.  The  structure 
shall  be  fitted  with  controls  suitable  for  preventing  excessive 
or  destructive  forces  or  shock  from  being  induced  in  the  erection 
process.  The  structure  shall  incorporate  locks  where  necessary 
to  insure  proper  maintenance  of  concentrator-generator  alignment 
subsequent  to  erection.  The  structure  may  be  allowed  to  deflect 
in  the  1  g  environment  to  an  extent  that  would  prevent  operation 
so  long  as  the  deflection  is  not  permanent  and  full  recovery  could 
be  expected  upon  removal  of  the  gravity  Induced  forces. 

2.7  Support  and  Deployment  Structure 
2.7*1  Stipport  Members 

The  modules  shall  be  supported  on  members  which  provide  low 
resistance  electrical  connection  to  the  thermionic  generators. 

The  measured  loss,  when  the  load  is  receiving  maximum  electrical 
power,  shall  be  less  than  1  percent  of  the  conducted  power. 

2.7*2  Hinge  Joints 

Dry  lubricants  shall  be  utilized  in  all  hinge  Joints.  Joints 
shall  be  designed  with  cleareuices  sufficient  to  limit  misalignment 
in  supporting  structures  to  within  -  6  minutes  in  any  section. 
Hinge  Joints  shall  demonstrate  a  cai>abillty  of  not  less  than 
100  complete  cycles  under  vacuum  conditions  of  10~^  mm  Hg  without 
loss  of  operational  efficiency. 

2.7*3  Extension 

The  deployment  structure  shall  be  capable  of  complete  extension 
while  maintaining  alignment  of  all  section  busses.  The  structure 
may  be  supported  so  as  to  offset  the  effects  of  gravity  which 
would  Introduce  intolerable  deflection  in  the  assembly*  The 
proper  alignment  of  structural  numbers  within  -  6  minutes  will 
be  verified  after  extension.  A  total  of  20  complete  extension 
cycles  without  loss  of  alignment  accuracy  must  be  demonstrated 
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in  the  1  g  environment.  Such  cyclic  test  will  he  conducted  without 
the  modules  affixed  to  the  deployment  structure. 

2.7.k  Activation  Mechanisms 

All  mechanical  actuators  shall  be  tested  for  positive  operation 
under  vacuums  of  lO”^  mmH^  or  better.  The  operation  of  such 
mechanisms  shall  also  be  verified  as  part  of  the  module  and 
deployment  structure  tests.  This  shall  include  the  motor  operated 
cable  feed  systems^  cable  release  systems,  and  explosive  bolt 
release  assemblies. 

2.8  Battery  Storage  System 

2.8.1  Battery  Type 

The  type  of  battery  shall  be  a  sealed  silver-cadmium  battery. 

2.8.2  Operating  Characteristics 

1.  Nominal  voltage  28  volts 

2.  Nominal  current  3^  amps 

3.  Maximum  depth  of  discharge  52^ 

4.  Cycle  life  5840  cycles,  54  minute  charge,  36  minute  discharge 

5.  Operational  life  1  year 

6.  Shelf  life  2  years 

7.  Charge  rate  40-4l  amperes 

8.  Charge  efficiency  771^ 

9.  Temperatvire  reuige  -20°F  to  100°F 

10.  Zero  gravity  to  Ig 

11.  Zero  pressure  to  1  atmosphere 

2.8.3  Battery  Weight 

Total  weight  Including  case  but  exclusive  of  external 
connections  -  110  pounds. 
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2.8.4  Battery  Volume 


Total  volume  exclusive  of  external  connections  -  IU30  cubic  Inches. 


3.0  ENVIRONMENTAL  RELIABILITY  AND  VIBRATION  TESTING 

3.1  General 

These  tests  shall  be  performed  by  the  contractor  and  shall  be  In 
addition  to  any  other  tests  that  have  to  perform  to  demonstrate 
the  ability  of  the  Thermionic  Conversion  System  to  satisfy  the 
requirements  detailed  In  other  sections  of  this  si>eclflcatlon. 

These  tests  shall  be  performed  on  all  converters,  concentrators 
and  consonants  thereof.  System  structures  and  modular  structures 
will  be  subject  to  test  In  the  stowed  position  only. 

3.2  Environmental  Test 

3.2.1  Tenseratxire  Sterilization 

The  assembled  units, and  consonants  thereof,  shall  be  placed  In  a 
suitable  chamber  and  the  temperature  raised  to  1?5*^C  (257°F)  for 
24  hoxirs,  or  l60°C  (320°P)  for  two  hours.  The  time  period  shall 
begin  after  temperature  stabilization  of  the  largest  centrally 
located  thermal  mass.  The  time  required  for  this  stabilization 
shall  be  recorded.  During  actual  sterilization  the  temperature  of 
the  Interior  cannot  be  measured.  This  method  Is  designed  to  Insure 
sterilization  of  the  Interior  of  the  materials.  Including  cracks, 
cavities  and  Joints.  After  24  hours  at  12^°C,  the  temperature 
shall  be  raised  to  140*^C  (285°F)  for  5  minutes.  The  time  period 
shall  begin  after  temperature  stabilization  of  the  leurgest  centrally 
located  thermal  mass. 

3.2.2  High  Teiqperature  Test 

The  assembled  units,  and  coniponents ,  thereof,  shall  be  placed  In  a 
suitable  chamber  and  the  temperature  raised  to  l60°C  for  4  hours. 
The  time  period  shall  begin  after  temperature  stabilization  of  the 
leurgest  centrally  located  thermal  mass.  The  time  required  for 
stabilization  shall  be  recoMed.  This  requirement  Is  In  addition 
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to  the  high  temperature  requirement  that  shall  be  imposed  on  the 
converter  eind  support  members  due  to  actual  operation. 

3.2.3  Low  Tenq)erature  Test 

The  assembled  units,  and  components  thereof,  shall  be  placed  In 
a  suitable  chamber  and  the  temperature  lowered  to  -150°C  for 
hours.  The  time  period  shall  begin  after  temperature  stabilization 
of  the  largest  centrally  located  thermal  mass.  The  time  required 
for  stabilization  shall  be  recorded.  If  this  test  Is  performed 
in  air,  the  water  vapor  shall  be  removed  to  prevent  the  formation 
of  frost  on  iinlts  under  test. 

3.3  Vibration  Test 

3.3.1  Mounting 

The  vibration  test  fixtures  designed  to  hold  the  Thermionic  Conversion 
System,  or  Individual  components  thereof,  shall  be  vibrated  alone 
and  resonant  frequencies  noted.  The  lowest  resonant  frequency  shall 
be  higher  than  3OO  cps.  The  Thermionic  Conversion  System,  or 
Individual  components  thereof,  shall  then  be  mounted  on  the 
respective  fixture  and  a  low-level  (approximately  O.3  g)  sine  wave 
shall  be  applied.  A  search  for  the  resonances  of  the  fixture -system 
(conqponent)  combination  shall  be  conducted.  The  vibration  tests  are 
intended  to  simulate  the  deleterious  effects  which  accompanies  Atlas 
and  Centaur  motor  burning  during  their  complete  operation.  The 
assembly  shall  be  attached  firmly  and  securely  to  vibration  exciter 
without  atten^t  to  simulate  spacecraft  Installation.  The  vibration 
level  shall  be  observed  on  the  exciter  as  near  to  the  supporting 
bracket  as  possible.  The  assembly  shall  be  subjected  to  the 
vibration  test  In  a  direction  parallel  to  the  vehicle  axis  of 
thrust  and  In  two  other  orthogonal  directions  which  are  also 
perpendicular  to  the  axis  of  thrust.  'Hie  assenblies  shall  be 
removed  from  the  exciter  and  shall  perform  satisfactorily. 

3.3.2  Low  Frequency  Vibration  Test 

The  assembly,  or  components,  thereof,  shall  be  subject  to  sinusoidal 
vibration  at  frequencies  between  1  cps  and  cps  for  24  minutes  In 
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each  of  three  orthogonal  directions.  The  displacement  of  the 
vibration  shall  be  3  inches  from  1  to  3  cps  and  3g>  peak,  from  3  to 
40  cps.  The  sweep  shall  be  such  that  the  time  rate  of  change  of 
frequency  increases  directly  with  frequency  and  8  minutes  is  required 
to  sweep  from  1  to  UO  cps.  The  sweep  shall  be  repeated  three  times. 
Resonances  of  the  item  shall  not  be  dwelt  upon. 

3* 3*3  High  Frequency  Vibration  Complex  Wave  Test 

The  test  shall  consist  of  a  programmed  sequence  of  band-limited 
Gaussian  noise  and  combined  noise  and  sinusoidal  vibration.  The 
total  time  in  each  orthogonal  direction  will  be  9  minutes,  12  seconds 
The  test  is  as  follows: 

1.  White  Gaussian  noise  13  g  rms  bcmd-llmlted  between 
13  and  1300  cps  for  6  seconds. 

2.  White  Gaussl''n  noise  10  g  ms  band -limited  between 
13  and  1300  cps  for  3  minutes. 

3.  White  Gaussian  noise  4.3  g  rms  band-limited  between 

13  and  1300  cps  plus  at  4.3  g  rms  sinusoid  superimposed 
on  the  noise.  Tl»  frequency  of  the  sinusoid  is  swept 
from  40  to  1300  cps  in  2  minutes  at  a  rate  increasing 
directly  with  frequency.  The  sweep  will  be  repeated 
3  tines  making  the  total  time  6  minutes. 

4.  White  Gaussian  noise  13>0  g  rms  band-limited  between 
13  and  1300  cps  for  6  seconds. 

3. 3*4  Static  Acceleration 

The  assembly,  or  cooqponent,  shall  be  subjected  to  a  static 
acceleration  of  10  g  in  3  orthogonal  directions  for  five 
minutes  in  each  direction,  one  direction  being  i>arallel  to  the 
axis  of  thrust. 

3 -S’ 5  Cab  Sterilization  Ethylene  Oxide 

The  assembly  shall  be  placed  in  a  chamber  and  the  ethylene  oxide 
gas  circulated  in  and  through  the  chamber  until  negligible  air 
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Is  present  in  mixture.  Sufficient  water  vapor  must  be  added  to 
Increase  the  humidity  to  25^t.  The  ethylene  oxide  gas  shall  be 
sampled  to  determine  that  these  conditions  are  satisfied.  The 
terqjerature  in  the  chamber  shall  be  maintained  at  72°C,  -  3°C. 

The  test  period  shall  be  2k  hours.  At  the  end  of  the  test  period, 
the  assembly  shall  be  removed  from  the  chamber  and  allowed  to 
stabilize  at  room  conditions.  The  assembly  shall  then  perform 
satisfactorily. 
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